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Seventh Progress Report of the Joint Investigation 
of Fissures in Railroad Rails 
By H. F, Moore 


Research Professor of Engineering Materials, University of Illinois, 
in Charge of the Investigation 


Summary 


1. Fissures starting from the interior of the head of railroad rails first were recog- 
nized as important about 1911. Much discussion has taken place as to whether they 
were caused by minute flaws in rail steel (shatter cracks) or by the heavy wheel loads 
on rails. The development of detector cars made possible the detection of many fissures 
before rail fracture had occurred, but it did not touch the problem of prevention of fis- 
sures. In 1931 a joint investigation was sponsored by the manufacturers of steel rails, 
the Association of American Railroads and the Engineering Experiment Station of the 
University of Illinois. (pages 10-14) 

2. A “rolling-load” testing machine was designed and built which subjected a speci- 
men of rail to repeated cycles of wheel load and bending moment. Before testing in this 
machine an etch test to detect the presence of shatter cracks was made on the rail from 
which the specimen was cut. A long series of rolling-load tests showed the following 
results: 

(a) In these rolling-load tests only shatter-cracked rails developed fissures, but not 

all shatter-cracked rails developed fissures. 

(b) It is the complex stresses directly under a wheel load which cause cracks to 
develop into fissures. Bending moment tends to cause fissures to take a trans- 
verse direction, and accelerates their spread. 

(c) No greater wheel load was required to start a fissure in a heavy rail than in a 
lighter rail. The minimum wheel load which started a fissure in the roJling-load 
tests was 40,000 lb. 

(d) The wheel load necessary to start a fissure, the theoretical shearing stress in the 
zone where shatter cracks are located, the fatigue strength of rail steel, and the 
weakening effect of minute cracks (shown by fatigue tests of specimens) form 
a coherent picture of the mechanism of fissure formation and spread. (pages 
14-19) 


3. Extensive tests on four railroads where there was heavy traffic were made to get 
some statistical idea of the magnitude and frequency of high wheel loads under traffic. 
The DeForest scratch extensometer was used to measure mean strain in rail bases under 
passing trains. From these strains, wheel loads were computed. Records of strain under 
some 500,000 wheel loads were obtained, and it was found that at any location the average 
occurrence of wheel loads of 40,000 lb. or over was one in 1,000 wheel loads. At some 
locations the frequency was as much as three times this; ie. three in 1,000. (pages 
20-24) 

4. A large number of hot-bed cooled test rails have been placed in various locations 
on the Baltimore & Ohio Railroad and on the Atchison, Topeka & Santa Fe Railway. 
The service record and the detector car tests made on these test rails have been carefully 
followed in the course of this investigation. All fissures developing in service or found 
by a detector car have occurred in shatter-cracked rails. (pages 24-29) 

5. The solution of the problem of preventing shatter cracks in rails was attacked by 
making tests of specimens from rails cooled in air and also controlled cooled. Tests 
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were made at various steel mills using rail specimens, each specimen being cooled in an 
individual cooling box under carefully controlled and measured conditions. Variations in 
rate of cooling, temperature at placing specimens in boxes, temperature of removal 
from boxes and time in boxes were studied. In some tests hydrogen was introduced into 
one molten ingot so that rails rolled from that ingot and cooled in air would be sure to 
have many shatter cracks. It was found that rail specimens placed in a cooling con- 
tainer at temperatures not less than 700 deg. F., and which required not less than 7 hours 
to cool to 300 deg. F. in the cooling box developed no shatter cracks even in rail specimens 
from hydrogen-treated ingots. (pages 30-46) 

6. The Brunorizing (normalizing) process of thermal treatment of rails was also 
studied, and the modified process as now practiced was found effective in preventing 
shatter cracks. (pages 46, 47) 

7. Extensive studies of metallographic structure and of the strength and toughness 
of rail steel have been made. Some studies of chemical composition have been made, but 
the slight variation of chemical composition in the test rails furnished did not appear 
to be a major factor. Results of these studies are given in this report. (pages 47-71) 

8. A large amount of study has been given to the problem of finding a non- 
destructive test which could be used to detect shatter cracks in new rails. In common 
with the work of previous investigators this effort has so far been unsuccessful. Shatter 
cracks are so minute that changes, due to these shatter cracks, in properties or structure 
of metal around them, are masked by other variations in the metal. (pages 71-75) 

9. Experimental studies of a bend test for rails to supplement or to replace the drop 
test have been made. Like previous investigators the members of the test party have 
found the bend test distinctly superior to the drop test. (pages 75-78) 

10. Unfinished work of the investigation relating to fissures includes formulation of 
proposed standards for control cooling of rails and for bend tests for acceptance of rails. 
(page 79) 

11. The work of the investigation on end batter and end-hardened rails will be the 
subject matter of a separate report. 

Foreword 


This Seventh Progress Report of the Rails Investigation is a summary of the work 
on the causes and prevention of fissures which has been carried on since the beginning 
of the investigation in 1931. A subsequent progress report will discuss the present status 
of the tests for batter of end-hardened rails. 

In this report are given a few results of tests of specimens cut from end-hardened 


rails. These are included as a contribution to present-day knowledge of rail steel as a 
structural material. 


I Introduction 


1. Historical—In 1911 the interest of steel manufacturers and railroads was aroused 
by a failure of a rail on the Lehigh Valley Railroad. An examination showed that this 
failure was a fracture apparently starting on the inside of the head. Other fractures of 
this type were reported until they became a serious problem to the railroad men and the 
steel rail manufacturers. A great deal of discussion arose as to whether these fissures were 
due to the increased wheel loads which rails had to withstand or whether they arose 
from defects in the steel. Etch tests by Wickhorst* and by Waring and Hofammann? 
showed a large number of small cracks in specimens cut from new rails. (See Fig. 1) The 
question was at once raised whether these cracks were present in the original ‘rails, or 

4 Wickhorst, M. H.—Internal Fissures in New Rails, AREA Proceedings, Vol. 16, p. 389 (1915). 


3 Waring, F. M. and Hofammann, K. E.—Deep Etching of Rails and Forgings, AST 
Part Tess 91S), ; g i orgings M Proc., Vol. 19, 
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(a) No Shatter Cracks (b) Shatter Cracks 
Fig. 1—Etch Tests on Specimens Cut From Two Rails. 


were caused by the etching process itself. The records of the AREA showed a tendency 
for these “transverse fissure” failures, as they were called, to develop in rail laid in loca- 
tions subjected to especially heavy traffic, and also to be more frequent in the rails 
rolled from certain mills than others. However rails rolled in different years by the same 
company also showed a wide variation in the prevalence of transverse fissure failures. 
The development of the detector car about 1928 by E. A. Sperry under the sponsor- 
ship of the American Railway Association made it possible to detect the presence of many 
of these internal fissures before they had spread so far as to cause actual fracture of the 
rail. However, this did not meet the problem of the cause and prevention of such fissures; 
and the removal of broken rails and rails in which fissures have been detected constitutes 
a very considerable item of expense to the maintenance of way departments of railroads. 


2. Organization of the Investigation of Fissures in Railroad Rails—In 
1931 there was formally started a joint investigation of the problem of internal fissures 
in railroad rails. The investigation was organized under the auspices of the Rail Manu- 
facturers’ Technical Committee and the American Railway Association (now the Asso- 
ciation of American Railroads), acting through the American Railway Engineering 
Association. These two cooperators asked the Engineering Experiment Station of the 
University of Illinois to undertake the direction of the investigation. 

To keep in touch with the progress of the investigation, the Technical Committee 
of Rail Manufacturers and the AREA Committee on Rail appointed an advisory com- 
mittee and later appointed a small body from this advisory committee to serve as a 
contact committee. The present members of the advisory committee are: 


ASSOCIATION OF AMERICAN RAILROADS—RaIL COMMITTEE: 
W. H. Penfield, Chief Engineer, Chicago, Milwaukee, St. Paul & Pacific Railroad 
(Chairman) 
J. E. Armstrong, Chief Engineer, Canadian Pacific Railway 
W. C. Barnes, Engineer of Tests, Rail Committee, AREA 
C. B. Bronson, Inspecting Engineer, New York Central System 
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E. E. Chapman, Mechanical Assistant to Assistant to Vice-President, Atchison, 
Topeka & Santa Fe Railway 

H. R. Clarke, Engineer Maintenance of Way, Chicago, Burlington & Quincy Railroad 

G. M. Magee, Research Engineer, Engineering Division, AAR 

P. Petri, Chief Engineer Maintenance, Baltimore & Ohio Railroad 

Louis Yager, Assistant Chief Engineer, Northern Pacific Railway 


Ratt MANUFACTURERS’ TECHNICAL COMMITTEE: 


L. S. Marsh, Manager, Department of Inspection and Metallurgy, Inland Steel 
Company (Chairman) 

F. W. Bendell, Manager, Railroad Materials and Commercial Forgings Bureau, 
Chicago District, Carnegie—Illinois Steel Corporation 

O. U. Cook, Assistant Manager, Department of Metallurgy, Inspection and Research, 
Tennessee Coal, Iron & Railroad Company 

E. F. Kenney, Metallurgical Engineer, Bethlehem Steel Company 

J. H. Reece, Chief Inspector, Colorado Fuel & Iron Company 

F. A. Wickerham, Assistant to Chief Metallurgical Engineer, Carnegie—Illinois Steel 
Corporation 


The present membership of the contact committee is as follows: 


L. S. Marsh, Chairman, C. B. Bronson E. F. Kenney 
W. C. Barnes E. E. Chapman G. M. Magee 
F. W. Bendell O. U. Cook 


During the progress of the investigation the following persons, who are no longer 


members, have served as members of the advisory committee. 


Earl Stimson (Co-chairman for the AREA) Chief Engineer Maintenance, Baltimore 
and Ohio Railroad (deceased) 

John V. Neubert (Co-chairman for the AREA) Chief Engineer Maintenance of Way, 
New York Central System (deceased) 

F. W. Wood (Co-chairman for the Technical Committee of Steel Rail Manufacturers) 
Baltimore, Maryland (retired) 

John Brunner, Manager Department of Metallurgy and Inspection, Carnegie-Illinois 
Steel Corporation (deceased) 

A. F. Blaess, Chief Engineer, Illinois Central Railroad (deceased) 

John S. Unger, Research Engineer, Carnegie Steel Company, Pittsburgh (retired) 

G. J. Ray, Vice-President and General Manager, Delaware, Lackawanna & Western 
Railroad 

W. A. Maxwell, Jr., Vice-President, Colorado Fuel & Iron Co. 

T. H. Sanderson, Assistant Superintendent of Rail Mill, Carnegie-Illinois Steel 
Corporation, Gary Mill 

Maro Johnson, Principal Assistant Engineer, Illinois Central Railroad 

R. Faries, Assistant Chief Engineer—Maintenance, Pennsylvania Railroad (deceased) 

C. F. W. Rys, Chief Metallurgical Engineer, Carnegie—Illinois Steel Corporation 

L. H. Bond, Chief Engineer Maintenance of Way, Illinois Central Railroad 

W. P. Wiltsee, Chief Engineer, Norfolk & Western Railway 


The present test party, which is carrying on the work of the investigation includes 


the following: 


H. F. Moore, Research Professor of Engineering Materials, University of Illinois, in 
charge of investigation 
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H. R. Thomas, Special Research Professor of Engineering Materials, Engineer of 
Tests, in charge field tests. 

R. E. Cramer, Special Research Assistant Professor of Engineering Materials, 
metallurgical work 

N. J. Alleman, Special Research Associate, rolling-load tests, bend tests of rails 

J. L. Bisesi, Special Research Associate, non-destructive tests for cracks, inspection of 
rails in test tracks 

S. W. Lyon, Special Research Assistant, physical tests of rail steel 

Test Assistant: R. S. Jensen 

Student Assistants (part time): E. C. Lauck, J. C. Leming, William Mareneck 

Mechanicians: H. Belles, F. A. Ferris, H. H. Griesheimer, M. K. Shafer, Harley 
Musgrove 

Assistant in Machine Shop: C. Boley 

Clerk and Stenographer: Rogene Strode 


The following persons have been members of the test party, but have left for other 
positions: 


E. C. Bast, G. B. Bliss, W. D. Boone, K. Anderson, R. G. Emerson, John Haake, 
G. N. Krouse, J. G. Lowther, J. C. Mace, J. A. Nachowitz, R. S. Hutton, T. J. 
Riggs, N. H. Roy, L. G. Ramer, E. F. Ream, J. S. Shapland, J. R. Trimble, 
H. Wallace, C. P. Wampler, H. B. Wishart, Dave Wiegand, R. J. King, R. J. 
Houkal, M. W. Woodruff, J. C. Othus, A. E. Abel, Chas. Middlesworth, 
H. Hood, D. C. Brown, C. Beiler, P. A. Ramsdell, J. C. Leming, J. O'Neal. 


3. Previous Investigation of Fissures in Rails—While the problem of internal 
fissures in rails is of comparatively recent origin, rail breakage is a problem as old as the 
railroad. In the early days the list of noteworthy research workers includes Styffe in 
Sweden, Tetmajer in Switzerland, Wohler in Prussia, Kirkaldy and Sandberg in England, 
P. H. Dudley and C. B. Dudley in the United States. 

Since the 1911 rail failure on the Lehigh Valley Railroad, a large amount of study 
has been given to this phenomenon of internal fissures, especially to transverse fissures, 
and the names of Howard, C. B. Dudley, P. H. Dudley, Cushing, Wickhorst, Comstock, 
J. R. Freeman, Jr., Gennet, Robert Job, Quick, Rawdon, Clayton, Styri, and J. B. Young 
are among those who have made valuable contributions. 

A cooperative investigation under the auspices of the Chicago Rapid Transit Com- 
pany (the elevated railroad service) and the University of Illinois Engineering Experi- 
ment Station was in progress when the present investigation was begun, and the work 
of this earlier investigation was taken over by the larger investigation. 


4. Strength of Railroad Rails and Service Demands Upon Them.—As is the 
case with very many problems in strength of materials, the question of failure of rails 
from internal fissures involves two very general questions: (1) What tensile stresses, 
what compressive stresses, and what shearing stresses will rails withstand without failure 
under service loads? and (2) What stresses in rails are set up in actual service? The 
first of these problems involves laboratory tests as the principal means of solution. The 
second must be answered by field tests with measurement of actual stresses measured 
under train service at a large number of typical locations where rails are subjected to 


heavy traffic. 
5. In What Ways Can Railroad Rail Failures Be Produced ?—Railroad rails 


in service are subjected to a remarkably complex system of stresses and strains. It is 
immediately obvious that they may fail by direct flexural action, and the classic investi- 
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gations of Professor A. N. Talbot and his Committee on Stresses in Railroad Track have 
given a very elaborate analysis for computing the flexural stresses to which rails are 
subjected by wheel loads. Rails sometimes fail by stresses in the web of the rail but this 
type of failure obviously does not originate from internal fissures in the head. 

Rails may fail by a very complex system of localized stress set up directly under a 
wheel load. The mathematical determination of tensile, compressive and shearing stresses 
under a wheel resting on a rail was developed somewhat previously to this investigation 
independently by Professor N. M. Belajef in Leningrad, Russia, and a little later by 
Professor H. R. Thomas and Dr. V. A. Hoersch of the Department of Mathematics, 
University of Illinois.* These two mathematical analyses gave identical results. 


PLASTIC ACTION (COLD WORK) DUE TO 
WHEEL LOAD TAKES PLACE BELAJEF - 
HOERSCH FORMULAS FOR STRESS ARE COMPUTED SHEARING STRESS-PS1 X 1000 
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Fig. 2—Computed Shearing Stress in Head of Rail Under a Wheel 
Load of 40,000 lb. on a 33-in Wheel. 


An internal fissure in a rail suggests that shearing stress may be the cause, since 
shearing stresses tend to become a maximum below the surface of a beam. The theo- 
retical shearing stresses below the tread of a rail under a wheel load are shown in Fig. 2. 
Actually these stresses are modified by the fact that near the tread of the rail there is 
plastic action, (cold work) so that the actual stresses are lessened near the tread of the 
rail. However, as was shown by Thomas and Hoersch there is evidence that at a depth 
of %4 in. below the tread of the rail there is fair agreement between theoretical stresses 
and actual stresses. Figure 2 shows the theoretical distribution of shearing stress over a 
vertical-longitudinal section of a rail head under a wheel load. 

The complex stresses in a rail directly under a wheel are relatively high, and are 
confined to a small region—very small in comparison with the full section of the rail. 
This means that the size of rail will make little difference in its resistance to the starting 
of internal fissures in the head. Moreover, it is magnitude of wheel load which is signifi- 
cant rather than flexural stress. However, owing to the lower flexural stresses, cracks 
will probably spread more slowly in a heavy rail than in a light rail. 


II The Development of Internal Fissures in Laboratory Tests of 
Rails and in Rails in Service 


By H. F. Moore 


6. Test Rails—In carrying out the two branches of the investigation, strength of 
rails and service conditions which they must meet, there were supplied by five different 
steel mills about 5,000 tons of 130-lb. rail and 3,750 tons of 110-Ib. rail to serve as test 


® Thomas, H. R. and Hoersch, V. A.—Stresses due to the Pressure of One Elastic Solid Upon 
Another, Bulletin 212, Eng. Exp. Sta., University of Illinois. Mr. Belajef’s work is published in Resaat 
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Fig. 3—Testing Machine for Rolling-Load Tests. 


rails. These five mills are designated by the letters A, B, C, D and E. From each heat 
rolled three rails were sent to the University of Illinois to furnish specimens for various 
laboratory tests. The 130-lb. rails were put in test locations on the Baltimore & Ohio 
Railroad and the 110-lb. rail on test locations on the Atchison, Topeka & Santa Fe 
Railway. 

All these rails were rolled under ordinary conditions and were cooled on hot beds. 
Unusually complete records were kept at all stages in their manufacture. They passed 
the usual routine inspection and all the test rails were from heats which were accepted. 
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About 289 rails were sent to the University of Illinois for test specimens and from each 
one of these rails one or more pieces, six inches long, were sawed off at least three feet 
from the end of the rail. The head of each piece was sliced horizontally and the piece 
then etched in a 50 percent solution of hydrochloric acid to detect shatter cracks. Eighty- 
two of the rails were found to contain shatter cracks. The number of shatter cracks 
found in an etch test varied widely. Many more longitudinal shatter cracks were found 
than transverse shatter cracks. 


7, Rolling-Load Testing Machine for Developing Internal Fissures in 
Rails—A special testing machine was built in which a specimen of rail could be ‘repeat- 
edly subjected to known wheel loads and bending moments. This machine is shown in 
Fig. 3. In this machine a short specimen of rail S is pulled backwards and forwards under 
a wheel load which can be varied from zero to 80,000 Ib. This load is applied through 
the lever L by means of the screw jack, J, and is measured by the compression of the 
spring P. The bending moment can be measured as the product of the weight on the 
wheel times J, the distance of “overhang” of the specimen rail when it is in its extreme 
left-hand position; / can be varied by moving the block B. A revolution counter is 
attached to the crankshaft of the machine, and an automatic cutoff switch is operated by 
the drop of the lever L when a specimen fails. The stroke of the machine is 7 in. and its 
speed 60 r.p.m. Three of these machines have been built and have been used in the study 
of fissures in rails and later in the study of batter of rail ends. 


8. Results of Tests of Rails Under Repeated Rolling Load.—Tests of short 
lengths of rails under repeated rolling load in the special testing machines designed and 
built for this investigation have developed failures starting as transverse fissures in a 
considerable number (although by no means all) of the newly-rolled test rails which, by 
means of etch tests, were found to contain shatter cracks. (See Fig. 1). No failures start- 
ing as transverse fissures have as yet been developed in the laboratory in newly-rolled 
rails which etch tests have shown to be free from shatter cracks. Such uncracked rails, 
when they fail under repeated rolling load, fail by fatigue cracks starting from the sur- 
face of the rail. Moreover, they require higher wheel loads to cause fracture than do 
shatter-cracked rails. In all, some 147 rail specimens have been tested in the special 
rolling-load testing machines, many of them to 1,000,000 cycles of stress, or more. 
Figures 4a and 4b show the two types of spreading fracture which occurred. 
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(a) Fatigue fracture starting at sur- 
face; this is the type of fracture cleus in rail head; this is the 


(b) Internal fissure starting from nu- 


in rolling-load tests of rail speci- type of fracture in s i 
ome speci- 
mens free from shatter cracks. mens with shatter crac Pe 


Fig. 4—Two Types of Fracture in the Rolling-Load Test. 
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TABLE 1 


INDIVIDUAL FissuRES FoRMED INDEPENDENTLY OF EacH OTHER—Not Compounpb 
Tests in Rolling-load Testing Machine 


Maximum 
Shearing 
Flexural Stress at Point 
Stress Type of of Fracture 
f lb. per Fissure in Rail Head 
Specimen sq. in. Developed lb. per sq. in. 
Pyare Bat Hae SER ep ted areata ae 68,600 Trans. 36,800 
ZS Y— |S SP te ae are a ee ee a ee 47,400 Trans. 35,400 
Oa UREN sete Poe Veg chty on oe ce cn HakvaeMevsresoveuote lois eauene 47,200 Trans. 35,400 
AVIS Ue 6 GH BBB ame ioe SE ed ae ena 41,900 Trans. 32,900 
Shale Merete: Fohel oF aR Alsiatate ais Srerelahet cae yerrere os 41,200 Trans. 25,800 
OL OME art crete co en ae ee irate crete Siene, cree 36,500 Trans. 32,800 
SB SIE * a a Reig cores RNC Sea ae eee ee 36,100 Trans. 38,000 
ZAG) PRINS, oeich Sncacn og ae RCC arc SaaS 33,500 Trans. 21,000 
SS, GAS OBR IC aa Oi RG A eRe 31,300 Trans. 37,200 
OL HAIRS Fei etay via ate ate Stake. Slot a ora eae ae ee 26,800* Trans. 37,600* 
LO Leet Waithctexcteys rays, Neca stondictons 2 slalom eveae 26,300** Trans. 38,200 
OES ce Id cree cic Bor NATE Clee eee ware Ce 22,900 Trans. 26,000 
7h Bas BAS AREA Maen Ieee ss MRPs 20,600 Trans. 28,000 
TRON EERE, Vk ac EERE RE AO ee 17,200*** Trans. 25,600 
Ome ae Me cee oe eRe eionsie be. w onc austere 14,400** Trans. 25,700 
FO) Janda es ee eV ae o oes ee te te lat eaie oc altace 14,000 Horiz. 19,400 
SO7=60ts. emma nearest nm SRsts cast ERG Se ews 11,500 Horiz. 27,000 
SE Ee ee eae 11,400 Horiz. 17,800 
MOO SME ictere ie, tie cccteue ee Wehave vets ccosvstes ts 10,900 Horiz. 19,800 
NOOTS seve. Pe. Fade eee owes e ts sos 10,900 Horiz. 19,800 
B15 OMe ee sence ste Oe ee ae eee 0 Horiz. 
SO MMMC a eel trcnstetorotolalactesrets, sreteteule cus, eve iaie. oteilene 0 Horiz. & ¢ 31,900 
Vert.-Longt 55,900 
ALSO le ore tetonst stone ohoheTer overs (akoceassue versions to's 6 'S.oles on 0 Horiz. 23,800 
SO toate Bolo nad cain hin ere 36,500 Comp’n Horiz. 30,400 
34,300 Comp’n Horiz. 23,600 
AS MM ioe case an oe fare Bats cia spegetece” cfekeo eh siateiee 47,000 Comp’n Diag. 27,600 
42,100 Comp’n Horiz. 19,600 


* Did not rupture at theoretical critical section; fissure located by subsequent slicing and etching; 
depth to nucleus not precisely known. 

** Did not rupture at theoretical critical section; fissure located by subsequent slicing and etching; 
diameter of nucleus of fissure, 0.5 in. 

*** One of six transverse fissures in two inches of rail. 

+ Tensile stress normal to horizontal plane. 

t Shearing stress in one direction of fracture 42,100 lb. per sq. in., and tensile stress normal to 
vertical-longitudinal plane (another direction of fracture) 16,900 Ib. per sq. in. 


In laboratory tests of rails in the rolling-load machines internal fissures have been 
developed under the wheel load at sections where bending moment was very small, but 
never, even in shatter-cracked rails, at sections of heavy bending moment outside the 
path of the wheel load. Hence it seems clear that the stress under the wheel load on the 
rail is a factor of prime importance. Table 1 shows typical results of rolling-load tests. 


9. Harmony of Test Results—From tests of specimens of rail steel (See Chap- 
ter VII) the endurance limit of rail steel under cycles of shearing stress varying from 
zero to a maximum ranges from 50,000 to 65,000 Ib. per sq. in., using polished specimens. 
If a series of specimens is tested in which a small fatigue crack has been started the 
endurance limit is reduced from 40 to 50 percent. Figure 5 shows results from rolling- 
load tests. It will be noted that all but one of the specimens in which internal fissures 
were developed were subjected to theoretical shearing stresses which, if repeated, would 
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Fig. 5—Results of Rolling-Load Tests of Rail Specimens. 


cause failure in a specimen in which there was a small crack. It will be noted that about 
80 percent of the specimens which had shatter cracks and which failed from cracks 
starting at the surface had theoretical shearing stresses below the range which might be 
expected to cause cracked specimens to fail. 


It will be noted that specimens without shatter cracks which failed from fatigue 
cracks starting at the surface had computed flexural stresses above those required to 
develop failure in cracked fatigue specimens but, with two exceptions, within or below 
the range of endurance limit under repeated shear for uncracked specimens. It was im- 
“possible within the capacity of the rolling-load machines to develop fatigue failures in 
full-size heavy rail free from shatter cracks. In this case the section of the rail was 
artificially weakened in such a manner that no metal was removed from the shatter-crack 
zone, but the section modulus of the rail for resisting flexure was distinctly lessened. In 
the rolling-load tests in a shatter-cracked rail fissures have been developed by wheel loads 
as low as 40,000 lb. By the theory of elasticity this load would develop a shearing stress 
in the shatter-cracked zone of the rail head of about 25,000 lb. per sq. in. at a point 


3g in. below the tread of the rail. This would be just about the lower limit of the range 
of endurance limit for cracked specimens. 
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In Section 16 it will be noted that wheel loads of 40,000 Ib. occasionally occur 
under wheel loads in the test tracks studied in this investigation. 


The results of the rolling-load tests give grounds for the following general 
conclusions: 


1. Shatter cracks in the heads of rails are certainly a major and probably the 
major cause of fissures in the rail. Transverse fissures, vertical split heads and horizontal 
split heads—all have been developed under the rolling-load test. 


2. During the progress of the rolling-load tests for developing fissures, the lowest 
wheel load which caused a shatter crack to spread into a fissure was 40,000 lb. This 
value has, therefore, been taken as a limiting load, below which fissures probably will 
not develop even though lower loads may be repeated several millions of times. 


3. The minimum load which caused fissures in the rolling-load tests, the stresses 
set up in the rail head at the shatter-cracked zone by that load, and the results of tests 
of cracked fatigue specimens of rail steel form a harmonious picture of the mechanism 
of the development of the transverse fissure. 


10. Transverse Fissures and Shatter Cracks in Service—During the course 
of the investigation some 150 rails have been received in which transverse fissures in 
service have been developed. Approximately 87 percent of these when examined and etch 
tested were found to contain shatter cracks. Some of the others were found to contain 
large inclusions of oxide from which the fissure started. In some of them transverse fis- 
sures seem to start from slag streaks but in the laboratory so far no fissures have been 
developed from slag streaks unless etch tests showed shatter cracks around them. The 
service records confirm in a general way the findings of the laboratory tests that shatter 
cracks are the major cause of the development of fissures. However, they indicate, as 
might be expected, that in the unusual case of a large oxide inclusion located in the zone 
in which shatter cracks occur in a rail a fissure may develop if it is subjected to heavy 
wheel load. 


11. Effect of Flexural Stress on Growth of Fissures.—Both the mathematical 
theory of stresses in rail heads and the results of rolling-load tests agree in indicating 
that the start of a destructive fissure is due to the direct action of the wheel load rather 
than to the flexural stress. The mathematical analysis of stresses due to this direct action 
of wheel load, which is shown to agree very well with rolling-load test results, indicates 
that the stresses set up are practically independent of the size of rail. Hence, it seems 
that the starting of fissures would not be hindered by the use of heavier rails, except 
insofar as they might make track conditions smoother and reduce the “dynamic aug- 
ment” of wheel loads. They could not be expected to reduce the wheel loads due to flat 
spots on wheels. The etch tests made indicated that shatter cracks were more frequently 
found in heavy rails than in light rails. 


However, an examination of Table 1 indicates that the relative magnitude of wheel 
load and of bending stress in the rail is a large factor in determining the direction of the 
fissure. A heavy bending stress tends to cause a fissure to spread in a transverse direction, 
while a heavy wheel load accompanied by light bending stress tends to cause a hori- 
zontal split head. That is, the use of a heavier rail which would diminish flexural stress 
might tend to reduce the number of transverse fissures as compared with horizontal 
fissures. Also, the rolling-load tests give some evidence that flexural stresses accelerate the 
spread of shatter cracks into fissures, once these fissures have been started by the action 


of wheel loads. 


20 Investigation of Fissures in Railroad Rails 


III Field Tests For Wheel Loads 
By H. R. THomas 


12. Object of Tests—As a result of the rolling-load tests in the laboratory it was 
found that the minimum wheel load which would cause a shatter crack to grow in size 
and become a transverse fissure was approximately 40,000 lb. This wheel load was some- 
what higher than the usual locomotive driver load, and much higher than the wheel 
loads for heavily loaded freight cars. Since it seemed probable that transverse fissures 
were the result of the application of a relatively large number of wheel loads (more than 
could be expected from the number of driver loads passing over the rail) it was felt 
that tests should be made in order to answer the following questions: 


1. Do heavily loaded freight cars have occasional wheel loads equal to or 
greater than the 40,000 Ib. mentioned in Section 9? 

2. If high wheel loads are found under freight traffic, how frequently do 
these occur? 

3. If high wheel loads are found, what is the reason for their occurrence? 


13. Test Methods and Apparatus.—In order to accumulate the necessary sta- 
tistical data concerning the magnitude and frequency of high wheel loads, it was decided 
to base such determinations on measurements of average longitudinal strain at the center 
of the base of the rail. Since such average strain is very nearly proportional to the 
wheel load causing the strain, the problem resolved itself into devising a means for 
recording the strain under each locomotive and car wheel for the usual freight train 
passing over the test location. 


It was decided that the recently-introduced DeForest scratch strain recorder would 
be the simplest method of measuring such strains, provided it would give satisfactory 
records under the severe impact and vibration conditions found in a railroad rail during 
the passage of a train. A trial instrument was obtained and used on the tracks of a local 
railroad in order to try it out. It was found that by making some modifications in the 
instrument and by introducing rubber padding for damping vibration of certain parts, 
satisfactory records could be obtained. Ten of these instruments were purchased and 
mounted on clamps which could be attached to the base of the rail at points where 
measurements were desired. Figure 6 shows this strain gage and its attachment to the rail. 


The principle of operation of the scratch strain gages is very simple: The total strain 
in the rail in the four-inch gage length is recorded, without magnification, by a diamond 
point scratching on a chromium-plated brass strip. Movement of the strip, producing a 
separation of the ordinates corresponding to the passage of the various wheel loads over 
the instrument, is produced by a spring whose action is influenced by the variable 
friction introduced by the relative movement of the two ends of the instrument due to 
the strain being recorded. The rate of feed can be controlled by variation of spring 
tension and of the friction acting on the plate carrying the record strip. With proper 
regulation of friction and spring action it was possible to obtain records showing the 
strain in the rail for each wheel of a 40-car train. 


This original form of the scratch strain gage was used for the tests made at Dayton, 
Ohio, and at Coatesville, Pa. After the completion of these latter tests, ten new instru- 
ments were built in the University shops, embodying the general principles of operation 
of the original instruments, but including certain changes which made them more suit- 
able for the tests of wheel loads in service. The changes made included: (1) More rigid 
construction to prevent vibration; (2) use of celluloid pads coated with diamond dust 
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Fig. 6.—Scratch Strain Recorder. 

This instrument measured the strain in the base of a rail for every wheel load which passed over it. 
From this strain and the measured stiffness of the track the wheel load accompanying each indicated 
strain was computed. This instrument is an adaptation of the DeForest scratch extensometer, and was 
used with Dr. DeForest’s permission. 


instead of the single diamond recording point; (3) strictly interchangeable parts with 
spare parts available for substitution in case of necessity. In most cases parts were 
replaceable without removing the instrument from the rail. 

These ten revised instruments were used on the tests at Rome, N. Y. After the 
tests at Rome, 10 additional instruments were made, and all 20 were used in the tests at 
Matfield Green, Kans. 


14. Interpretation of Results—In order to determine wheel loads from the 
measurements of mean strain in the base of the rail, use was made of the mathematical 
analyses reported by Professor A. N. Talbot in the Sixth Progress Report of the Special 
Committee on Stresses in Railroad Track.* Considering a group of four adjacent freight 
car wheels, the bending moment under a given wheel may be reduced by the effect of 
adjacent wheels, but if there is a dynamic augment in a given wheel load (due, for 
example, to a flat wheel) then the increase in bending moment at that wheel will be very 
nearly proportional to the increase in wheel load. Since the measurements of strain in the 
base of the rail permitted calculations of corresponding bending moments, the above 
relationship was used for computing the dynamic increase in wheel load. Bending 
moments due to static wheel loads were determined from runs over the instruments at 
sufficiently slow speeds (5 miles per hour) to avoid dynamic effects for cars with wheels 
in good condition. 


4See AREA Proceedings, Vol. 35, 1934, p. 278. 
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15. Results of Tests—Over a period of three years, tests for frequency of high 
wheel loads for freight cars were made as follows: 

September—October 1933—On the B. & O. north of Dayton, Ohio, on the 130-lb. 
test rail laid in 1932. Tests were made at two locations, one being near the beginning of 
the test rail at North Dayton, and the other near the north end of the test rail at Van- 
dalia. On this single track line a considerable percentage of the traffic consisted of loaded 
coal and ore cars, with some refrigerator and box cars. 

February 1934—A few tests were made using a special train containing cars with 
flat, badly worn, and shelled wheels. Effect of frozen railbed was also studied in these 
tests. 

September 1934.—Tests were made on the eastbound freight track on the main line 
of the Pennsylvania Railroad west of Coatesville, Pa. These tests were on 152-lb. rail. 
Traffic consisted largely of loaded coal cars. 

July 1935—Tests were made on the New York Central Railroad near Rome, N. Y. 
at three locations: 1. Near Greenway, on 105-lb. Dudley rail, the track being in rather 
poor condition. 2. East of Rome on 127-Ib. Dudley rail. 3. On 105-Ib. rail on a steel 
bridge east of Rome. This rail on the bridge was laid with GEO construction, the ties 
being supported directly on the bridge stringers. The test was for the purpose of deter- 
mining the effect on dynamic wheel loads of very rigid rail support rather than for 
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Fig. 8—Frequency of High Wheel Loads at Sections of Track with 
Different Stiffness of Rail Support. 


determining impact loads on a bridge. A few instruments were placed near the bridge, 
also on GEO track, for comparison. 

Traffic over these test sections was mostly mixed freight, including refrigerator cars 
with some coal cars. 

May-June 1936—Tests were made on the 110-lb. test rail laid on the Atchison, 
Topeka & Santa Fe near Matfield Green, Kans. This is a single-track freight cut-off 
carrying mixed freight with many refrigerator cars and oil tanks. Tests were made using 
20 instruments at two locations: (1) On normal tangent track; (2) on a ballasted deck, 
timber, pile-supported trestle. The bridge, in general, differed little in stiffness from the 
normal track. 

In Figures 7 and 8 there are presented load-frequency curves, giving the results of 
tests on the four railroads. It will be noted that in Fig. 7 the curves for tests on the 
Baltimore & Ohio and the Pennsylvania railroads show good agreement, while the curves 
for the tests on the New York Central and the Atchison, Topeka & Santa Fe Railroads 
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are about 10,000 Ib. lower than the others. A study of the train sheets indicated that 
there was approximately a 10,000-Ib. difference in the average wheel load for the loaded 
cars for these two groups of curves. 


In Fig. 8 the curves for tests on the bridges on the New York Central and the 
Santa Fe are shown, the curves for tests on the same roads at sections not on the 
bridges being given for comparison. It will be noted that for the tests on the Santa Fe 
the curve for the bridge tests is not greatly different from that for track away from the 
bridge. This is to be expected, since this ballasted-deck bridge was of approximately the 
same stiffness as the regular track. The higher wheel loads indicated by the curve for the 
bridge on the New York Central were undoubtedly due to the fact that the ties were 
supported directly on the bridge stringers, which resulted in a very stiff track support. 


16. Conclusions—Based on a study of the results obtained on the above tests, 
including a study of many details not given by the load-frequency curves of Figures 7 
and 8, but on file at the Talbot laboratory, the following statements appear justified: 


1. Under heavily loaded freight cars (coal, ore, etc.), wheel loads equal to or 
greater than 40,000 Ib. occurred on an average in these tests once for each 1,000 
wheel loads passing over a given point in the rail.® At some points along the rail, 
the frequency of 40,000-Ilb. wheel loads was three times as great as the average. 

2. For less heavily loaded cars the frequency of 40,000-lb. wheel loads was 
less than for the heavier loads. 

3. High dynamic wheel loads may be caused by flat spots on wheels, out-of- 
round wheels, lack of concentricity of axle and rim of wheel, and non-uniformity 
of rail support. 

4. From these field tests it seems that in the speed ranges of trains below 
25 m.p.h., flat spots on wheels are very prominent as a cause of high wheel loads. 
In the range of 40 to 50 m.p.h., hard spots in the rail support seem. prominent, 
and in the range of 60 m.p.h. and above out-of-round wheels, unbalance in 
counterweights and abnormally large play between rail and tie (that is, lack of 
uniformity of rail support) loom up as important factors. These speed ranges 
probably will not be the same for locomotive drivers as for freight car wheels, but 


adequate data on which to base a quantitative statement are not available at 
this time. 


IV Service Records of Test Rails 
By J. L. Bisrst 


17. Test Rails on the Baltimore & Ohio and Santa Fe—Early in the investi- 
gation of transverse fissures in railroad rails, two railroads agreed to put in test sections 
of rails to be observed for the purpose of determining some facts regarding the forma- 
_ tion of transverse fissures under service conditions. They were all hot-bed cooled rails. 


® Tests of the ratio of flexural strain to flexural load were made by Dr. R. N. Arnold i 
laboratory, University of Illinois. He applied load rapidly by media ot a weight falta ea tha 
heights and striking at mid-span a rail supported head up as a simple beam. To the tension side (base) 
were soldered a series of DeForest scratch strain gages which gave a record of strain variation along the 
base. From this the load applied could be determined with a fair degree of accuracy. The ratio of load 
to maximum base stress was found to be higher—in some cases 100 percent or more higher—than the 


ratio of load to base stress under static load. This was due to the resista t i 
Berti etka the rail esistance to sudden bending offered 


This result indicates that, since the curves shown in Figures 7 and 8 were determined ot i 
. . . n th 

of ratio of load to base stress as given by analysis for a static load, the wheel loads shown =i Dees 
figures may be somewhat too low. However, ‘the rapidity of load application to a rail resting on ties 
and ballast is probably considerably less than is the case with Dr. Arnold’s stiffly supported test beam. 
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The rails were to be rolled under normal conditions under specifications of the individual 
railroads and to be placed in average service with no special care or maintenance. Repre- 
sentatives of the test party were present at the time of rolling and laying and also each 
time that Sperry car tests were made on the rails in service. The rails were rolled in 
1931 and 1932 by five mills as listed below. 


Mill 130-lb. Rails 110-ib. Rails 
Summer Winter Summer Winter 
Rolling Rolling Rolling Rolling 

LN. o cUSADS ODOC OC eS ae a eae 6 heats 7 heats 

Bees tg eae oe ed bet ey aba be 8 heats 7 heats 

© 6'Sn ad GO. ote SOD aR ae ate teas 10 heats 11 heats 

LDY o.crtion bb RELA SBE ERO ee a ean 7 heats 7 heats 6 heats 6 heats 

SERS SVN Py arate ya ahar Peer as Selec e 6 heats 6 heats 6 heats 6 heats 


The roads which participated in the tests were the Baltimore & Ohio and the Atchi- 
son, Topeka & Santa Fe. At the test locations, the traffic on the former is heavy as com- 
pared with that on the latter, the one moving more coal, ore, and machinery and the 
other more oil and refrigerator car traffic. The track of the Baltimore & Ohio has more 
grades and curves than that of the Santa Fe. 


18. Tests of B. & O. Rails.—The 130-Ib. rails rolled for the Baltimore & Ohio 
were installed in track, beginning in 1932, and the last test rails were placed in service in 
1936. The’ test rails were distributed over the system and laid in seven locations as follows: 


Toledo Division—North Dayton to Vandalia: 1,529 rails laid in February 1932 
on single track, Mile Post 62.5 to 68.1. 
Tippecanoe City to Troy, Mile Post 72.9 to 78.1, 
1,514 rails laid between May 1934 and March 1936. 


Pittsburgh Division—Layton to St. James, 1,108 rails laid December 1933 on westbound 
track. 


Cumberland Division—Bardane to Kearneysville: 371 rails laid July 1933 on Track 2. 
Kesslers Bridge to Okonoko: 1,625 rails laid August 1933 on Track 3. 
Hansrote: 51 rails laid July 1933 on Track 3. 
Patterson Creek cut-off: 142 rails laid March 1932 on Track 4. Service on 
this track was discontinued between May 1932 and Oct. 1, 1939. 


No special order was used in laying the rails except that the rails from each heat 
were kept together. The “A” rails of the various heats, however, were all laid at the 
beginning and end of the test sections. 

In the fall of 1933 a detailed study was made of the rails laid on the Toledo division, 
north of Dayton. For this study a car was constructed on which a six-volt generator 
from the laboratory could be mounted and driven by a propelling engine. Cables attached 
to the generator in the car could be run out to the end of the rails in track and the 
drop-of-potential test run on the full length of the rail. 

The drop-of-potential tests were made on 443 rails classified as follows: 

(1) 111 “A” rails. 

(2) 96 rails from a heat containing a great number of shatter cracks. (Heat 
50110). 

(3) 119 rails from a heat containing no shatter cracks. (Heat 21660). 

(4) 95 rails from a heat representing summer rollings, having few shatter cracks. 


(Heat 30240). 
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(5) 93 rails from a heat containing few shatter cracks, part of which heat had 
been in service 10 months longer than the other test rails. (Heat 43118). 


No fissures were discovered in any of the rails tested at this time but this was not 
surprising since in most cases few fissures develop in rails in service during the first few 
years of service. 


Beginning in 1934 the test rails in service on all sections on the Baltimore & Ohio 
were tested by means of the Sperry detector car under conditions of commercial testing 
in current use. In most cases the test rails were given more attention than is ordinarily 
given to the general run of rails. This was especially true during the years 1936 to 1939 
when the double-crew method of testing was used and particularly in 1936 and 1937 
when the second, or hand-test car made a drop-of-potential test on each indication that 
appeared on the record tape. 


The cumulative record of failures in the hot-bed cooled test rails on the Baltimore 
& Ohio appears in Table 2. The failures found in the Sperry car tests made in 1940 are 
included. With reference to this table it will be noted that although the first failure 
found in these rails (a vertical split head) occurred in Heat 50110 in 1936, the first trans- 
verse fissure failures occurred almost simultaneously in Heats 50110 and 43118 after they 
had carried a traffic of 73 million tons. Etch tests had indicated that rails in these two 
heats contained more shatter cracks than those in other test heats. It should be noted 
that of the 14 vertical and horizontal split heads, all occurred in shatter-cracked heats; 
none in non-shattered heats. The distribution by rail letter was as follows: 


Rail Vertical Horizontal 
Letter Split Heads Split Heads 
Ae ios Stararassetet Raia o on tare a: of eo ROR Tee SOT eT er ee 2 2 
Bo vie obec eRe te oo ey CREE AR RE Fs ren CE an 1 0 
ORE rer ees ery nas Setar re Mra na Re er a ele bon ao (0) 1 
DER Os AAT eee ERR RD Sad ee hn Ae Oe ee 2 1 
| Dae eon eee er ee Man eee SE Ooty linc docu aa 0 2 
Big sere Se aretie retest eee Toe ee 1 2 


The evidence from the laboratory samples of the above rails seems to indicate that a 
majority of these failures originated at slag or segregation streaks, although some of these 
failures have been found in service, which gave clear evidence of having originated in 
shatter-cracked areas. 


No failures have been reported in the test sections on the Cumberland division at 
Hansrote (51 rails in Track 3) and on the Patterson Creek cut-off (142 rails on Track 4). 


19. Test of Rails on the Santa Fe—The 110-Ib. hot-bed cooled rails laid in the 
tracks of the Atchison, Topeka & Santa Fe were laid southwest of Emporia, Kans. be- 
tween Ellinor and Matfield Green, in 1932. This is a single track cut-off which is used 
exclusively for freight. In this case these rails were also laid by heats as follows: 


Mill From To Total 
Letter Mile Post Mile Post Miles Feet 
I ke ac Sols Giada es See eee a ee 124.+4..2,085 ft. oI 31> 3:003:fts 29 Teles 
OU 8 5 os vices Dan Fe 131+ 3,023 ft. 138+ 2,590ft. 6+ 4,847 
PE os ci shh ee ae ee eee 138+ 2,590 ft. 145+ 2,462ft. 64 5,152 
ML OLA ns .ise Sos. 5240 os he beads ee ee ere ava. dletp seamen teeta 20+ 4,757 


The test rails laid in the tracks of the Santa Fe have also been tested each year since 
1934 by means of the Sperry type detector car owned and operated by the railroad 
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company. In this time no fissured rails have been reported in this test section. There have 
been, however, 37 rails removed for the following reasons: 


4 Crushed head 
26 Curve worn 
5 Stock rail 

2 Kinked 


This rail at the last report (January 9, 1941) had carried 118,406,000 tons of traffic. 
The general conclusions which may be drawn from these test rails are: 


1. Transverse fissures were generally associated with shatter-cracked rail. 
This fact is indicated by the fact that in all cases where transverse fissures have 
been found in these test rails, the etch tests of these rails and other rails from 
the same heat have shown that shatter cracks have been present. Of the 67 
failures in the test rail on the B. & O. only 9 failures have occurred in heats not 
shattered. These 9 failures were detail fractures under burns. 

2. It is likely that in a given group of rails in service under similar track 
conditions and traffic, fissures will first be found in rails from heats which con- 
tain the greater number of shatter cracks. This is shown by the fact that in the 
rails laid on the Baltimore & Ohio the first failures were found in rails from Heats 
50110 and 43118, the two heats containing the most shatter cracks, as shown by 
etch tests of specimens. Also out of the 67 failures in these test rails, 34 have 
occurred in these two heats whereas the rest are spread through 15 other heats 
not so badly shattered. 

3. In order to start a transverse fissure a rather large number of heavy wheel 
loads is necessary. This was shown in the laboratory by the fact that in the rolling- 
load machines no fissures were produced when wheel loads were kept below 
40,000 Ib. In this connection it is interesting to note that transverse fissure failures 
have occurred in the rails of the Baltimore & Ohio where there are more heavy 
wheel loads but not in the rails in the tracks of the Santa Fe where there were 
fewer heavy wheel loads. However, etch test results indicated that the Santa Fe 
test rails were freer from shatter cracks than the Baltimore & Ohio test rails. 


20. Correlation of Rolling-Load, Wheel-Load and Service Tests on Rails 
North of Dayton—The development of transverse fissures in the test rail on the 
Baltimore & Ohio recalls the question of correlation of the various test data. This dis- 
cussion is based largely on the discussion of the results of the field tests to determine 
wheel loads made north of Dayton in 1933. A list of some of the failed rails found in 
this section of track is given in Table 3, together with the amount of traffic which these 
rails have carried and the dates the failures were found. 


Heats 47248 and 27525 were laid in March 1936 and October 1935, respectively, 
after having lain on the ground since they were rolled in 1932, therefore, although the 
failures were found in December 1938 they had comparatively little tonnage over them. 


In the laboratory, the rolling-load tests were carried out in an attempt to give some 
estimate of the number and magnitude of wheel loads necessary to start and develop an 
internal fissure in a rail. A study of the data shows that the lowest recorded load which 
started a fissure in the laboratory was 40,000 lb. However, after a fissure is started it 
will spread under a load less than that required to start it. From a study of rolling-load 
test results an admittedly crude estimate is that once a fissure started to spread under 
loads of 40,000 Ib. or more, then after 200,000 wheel loads of 30,000 Ib. or more rail 
fracture might occur. From the records of wheel-load tests north of Dayton it was con- 
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TABLE 3 


FAILED 130-LB, TEST RAILS - TOLEDO DIVISION, NORTH DAYTON 70 TROY. 


—_—_—_———— 


Heat No, Defect Tonnage, Date Found Remarks 
Millions 
W7eks Ue Ga 50 Dee, 1938 Found by 
27525 2 HeS-He* 59 Dec. 1938 Sperry 
50110 UAVG Sos 58.9 May 1936 Detector Car 
50110 ab oe as 73 Nove 1936 Service 
43118 1 TF, Nove 1936 Failure 
43118 33 een Found by 
50110 3 TF. 89.2 Sept. 1937 Sperry 
50110 By a Detector 
Bee MM Crna ne aye ee Cer. 


* 7T.F. denotes transverse fissure 
HSH. - horizontal split head 


VeS.He - vertical split head 


cluded that at the worst location tested 3 percent of the wheel loads might be 30,000 Ib. 
or greater. Estimating an average wheel load of 10 tons, and remembering that the 
tonnage passing is that for two lines of rail, this would mean the passage of about 
65,000,000 tons of traffic before there would be great probability of failure by transverse 
fissures. 

Again the fact that this was a very crude estimate must be kept in mind. Wheel 
loads of 40,000 Ib. and higher were measured on the tracks north of Dayton, and their 
observed frequency would lead to an estimate of 15,000 such loads under 65,000,000 tons 
of traffic at the “worst” location studied. This would probably be an ample number of 
wheel loads to start a fissure. é 

It will be noted in the tabulation that the first fissures to appear in the test rail 
were those in Heats 50110 and 43118 which failed in service, breaking the block signal 
circuit. These heats were expected to show the first failures, since they contained more 
shatter cracks than any of the other heats in service at that location. The failures 
occurred after an estimated 73,000,000 tons of traffic had passed over the track. The 
vertical split head in Heat 50110 was the top rail in ingot 1 of that heat. It was laid as 
the first rail leading to the west passing track at the Needham yards and failed after an 
estimated traffic of 59,000,000 tons. It is possible, however, that, due to its location, it 
actually carried more than the estimated tonnage and possibly was subjected to a great 
many more loads of high magnitude. 

The failures in Heats 47248 and 27525 which occurred after only 50,000,000 and 
59,000,000 tons, respectively, were in a location about 16 miles from where the wheel- 
load tests were made and as noted above, the rails were not put into service until 
several years later than the others. 

Again the caution must be repeated that the estimates for probable life of shatter- 
cracked rail are very crude indeed, and actual tonnage carried will often vary widely 
from those estimates. However, the comparison of estimated and observed tonnage before 
failure at the Dayton location is interesting. 
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V The Origin and the Prevention of Shatter Cracks in Rails 
By R. E. CRAMER : 


21. Occurrence of Shatter Cracks in New Rails—As pointed out in Chap- 
ter II, the available evidence indicates that shatter cracks are the major cause of trans- 
verse fissures in rails in service, and a cause of some compound fissures and horizontal 
split heads (horizontal fissures). It should be recognized that any other internal “stress 
raisers” such as large slag inclusions, as shown in Fig. 9, or blow holes, as shown in 
Fig. 10, will, if located in a region of high stress be equally effective in starting interior 
progressive fractures. As noted in Chapter II, no fissures were developed in rolling-load 
tests in rails without shatter cracks, although some fissures have occurred in service in 
rails which showed no shatter cracks in subsequent etch tests. However, in these rails it 
is in many cases possible that the fissure started from a single shatter crack, and that 


Fig. 9—Slag Inclusions Which Caused a Transverse Fissure. 


Upper side of micrograph shows the nucleus of the fissure. Large inclusions, such as are shown here, 
act as stress raisers, and in an area of high nominal stress may start internal fissures. 
Magnification 50 X. No Etch. 


the etch test specimens happened to be taken from locations in the rail which had no 
shatter cracks. It seems that occasionally a fissure may develop from a slag streak in the 


rail, although rolling-load tests of new rails which showed such slag streaks but no 
shatter cracks, failed to develop fissures. 


As noted in Chapter II, the question was raised in connection with the early studies 
of shatter cracks whether these cracks were actually present in new rails, or whether they 
were developed by the etching process, or were caused by the change of strain in the rail 
caused by cutting out slices of rail for etch test. By the use of high-magnification exami- 
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, 


Fig. 10—Blow Holes in Rail Head Close to 
Compound Fissure. 


This was a ‘‘D”’ rail of Ingot No. 8 in a control- 
cooled heat. Many other blow holes were found in 
this rail merely by sawing. They ranged in size from 
that of a pinhead to that of the diameter of a lead 
pencil. A blow hole is defined as “A hole produced 
during the solidification of metal by evolved gas 
which, in failing to escape, is held in pockets.’? Such 
stress raisers as blow holes may cause an_ internal 
fissure, especially a horizontal or vertical split head. 
Specimen not etched. 


nation cracks were found in unetched slices of rail. Also a piece of rail adjacent to one 
in which etch tests had shown shatter cracks was thoroughly annealed® so as to relieve any 
internal strain. This piece of rail was then sliced and etched, and shatter cracks were 
found as in the unannealed piece. This is evidence that there were some actual shatter 
cracks in rail as rolled, although the majority of rails rolled in American mills are free 
from shatter cracks. 

In the earlier studies of shatter cracks in rail few data were obtained on the per- 
centage of rail heats which developed shatter cracks. At the start of the present investi- 
gation etch tests were made of each of three rails from 99 heats of new test rails and 
shatter cracks were found in 45 percent of the heats of 130-Ib. rails and in 33 percent of 
the heats of 110-Ib. rails. It is to be noted that all of the first lot of test rails were hot- 


*C. B. Bronson had previously reported similar tests. See ASTM Proceedings, Vol. 19 (1919), 
pp. 200-201. 
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bed cooled. It is not considered that these high percentages are representative of rail pro- 
duction in 1931, as each rolling was only one day’s production, and in some cases all | 
heats rolled the same day developed shatter cracks, while on other days no heats devel- 
oped shatter cracks. It should be further noted that subsequent rollings of rails, even 
though hot-bed cooled, showed a smaller percentage of shatter-cracked heats. 


22. Possible Causes of Shatter Cracks.—It was soon recognized by members 
of the test party that shatter cracks in railroad rails are the same type of internal cracks 
as flakes in forgings which have been widely discussed since the first World War. Over 
100 technical papers have been written on the causes and methods of preventing flakes. 


Fig. 11—Equipment for Gas Analysis of Steel by the Vacuum Fusion Method. 


A great many different causes have been suggested including the following as listed by 
Zapffe and Sims,’ inclusions in the steel, refining operation, casting temperature, speed of 
casting, ingot size, uphill or downhill casting, quick heating in the rolling mill, excessive 
draft on rolling, separated ferrite, dendrites, formation of martensite, alloy content, 
transformation stresses, cooling stresses, brittle areas, and gas pressure. 

Several metallurgists suggested that gas content of the finished rail might be a clue 
to the cause of shatter cracks, so in 1932 in conjunction with Dr. G. F. Smith of the 
Department of Chemistry of the University of Illinois the equipment shown in Fig. 11 
was set up, and analyses were made of sound and shatter-cracked rails for oxygen, 
hydrogen and nitrogen. It was found that the oxygen and nitrogen analyses were satis- 
factory, but the hydrogen content of the rails was so low as to be below the accuracy 
of the analytical method. There was no correlation between presence of shatter cracks in 
the rails and the oxygen and nitrogen content. It is now understood that there would be 
practically no hydrogen left in the rails two years after they had been rolled, and the 


3%-in. diameter specimens were machined from the rails several months before they were 
analyzed. 


7 Zapffe, C, A. and Sims, C, E.—Hydrogen, Flak d Sh k — 
Alloya Fay, 1940; Baas dash ydrog es an atter Cracks, Part III—Metals and 
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From 1929 onward steel mills in the United States and Canada gave much attention 
to the problem of preventing shatter cracks in rails. Control-cooled rails were the subject 
of much study in steel mill laboratories, under service conditions and, of course, in this 
Rails Investigation. In view of reports from German laboratories that “flakes” had been 
caused in steel by treating heated steel with hydrogen, tests were made by the author 
of this chapter to see whether shatter cracks could be produced in a sound steel rail by 
treating it with hydrogen. A carbon-pile furnace in the mechanical engineering laboratory 
at the University of Illinois was used to heat six-inch sections cut from rails free from 
shatter cracks (as shown by etch test). The specimens were held in the furnace for 27 
hours at 2,300 deg. F. in an atmosphere of hydrogen and then cooled in air. Typical 
shatter cracks were produced by this treatment. 


23. Experimental Study of Control Cooling to Prevent Shatter Cracks in 
Rails —tThe “flakes” sometimes found in alloy steel had been largely eliminated by the 
use of control cooling of the steel. Shatter cracks seem to be the same as, or at least 
very similar to, flakes. Control cooling of rails, then, seemed a promising method for the 
prevention of shatter cracks in rails, and experimental control-cooling processes for rails 
had been tried; and by 1935 control-cooled rails were in quite wide use on Canadian 
‘railroads. An experimental study of control cooling was planned and carried out. The 
tests were made in three rail mills, F, M, and D. Altogether about 450 rails and rail 
specimens from some 25 heats have been tested. In these tests groups of rail specimens 
were cooled in special individual cooling boxes, using four different cooling procedures, 
as follows: 

1. Specimens cooled in air on the mill floor to serve as “control” specimens. 

2. Specimens placed in cooling boxes at the same temperature and removed at 
different temperatures. 

3. Specimens placed in cooling boxes at the same temperature and removed 
after a fixed time in the box, the rate of cooling for different specimens being 
varied by the amount of insulation used. 

4. Specimens placed in cooling boxes at various temperatures and removed 
after a fixed time. 


In these tests each rail specimen was placed in a wooden box about 18 in. square by 
3 ft. long. This box was insulated with rock wool, and the rate of cooling could be 
regulated by the amount of insulation used. In this box the rate of cooling was slightly 
faster during the first hour than was found to be the case in commercial control-cooling 
containers; this was due to the absorption of heat by the rock wool immediately sur- 
rounding the rail. However, this placed the experiments on the safe side when interpreting 
results. Twelve such boxes were used in a series of tests. A thermocouple was attached to 
each rail specimen as it came from the hot saw, and the temperature observed until the 
rail specimen was placed in a cooling box. When a specimen was placed in a cooling box, 
the first thermocouple was removed and another thermocouple clamped to the specimen 
with a connection to a 12-point recording pyrometer which recorded the time and 
temperature while the specimen was in the cooling box. 
The rail specimens used for these tests were full-section pieces of rail about two feet 
long. This length was chosen after a mathematical study of heat transfer in rails had 
been made by Professor W. L. Schwalbe of the University of Illinois, who showed that 
any “end effects” on the temperature gradient became inappreciable at a distance from 
the end of a specimen equal to the height of the rail. At least one of the two-foot rail 
specimens from each heat was cooled in air as a control specimen. Cooling in air is a 
little more rapid than is cooling on a hot bed with other hot rails near at hand. 


a a ee 
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Fig. 12—Typical Etch Test of an Air-Cooled, Hydrogen-Treated Rail Specimen. 


Etch, 50 percent hot hydrochloric acid. This specimen showed 92 longitudinal and 62 transverse 
shatter cracks on one side of a 6-in. horizontal slice cut from the head of the rail. It will be noted that 
this etch test specimen showed many more shatter cracks than are shown in Fig. 1 (b), which is a 
macrograph of an etch-test slice from a normally-produced, hot-bed-cooled rail. Some hydrogen-treated, 
air-cooled specimens showed many more cracks than are shown in this Fig. 12. 


After the rail specimens had cooled they were shipped to the Talbot laboratory, 
horizontal slices were cut from the head of each specimen, and deep etch tests made 
with hot hydrochloric acid. The etch tests of the air-cooled rails showed any shatter 
cracks present (See Fig. 12). Brinell tests were also made on some specimens. 


24. Treating Ingots with Hydrogen to Produce Shatter-Cracked Rails— 
In the earlier cooling tests it was necessary to use specimens from a large number of 
heats of rail steel and take the chance that some heats would develop shatter cracks in 
the air-cooled or “control” specimens. This was a very unsatisfactory procedure, owing 
to the time and expense involved. The experiments with hydrogen treatment of steel 
(See Section 22) suggested a way to insure a supply of shatter-cracked rail specimens 
for study. A method of treating rail-steel ingots with hydrogen to develop a large num- 
ber of shatter cracks was developed at the Carnegie-Illinois Steel Corporation, Gary, Ind. 
This hydrogen treatment has been applied to most of the rails used in the cooling tests 
during the past years and has proved to be a valuable aid in such experiments, since in 
all cases when the ingots were properly treated with hydrogen the “control” specimens 
have developed a large number of shatter cracks during cooling in air. 


25. Method of Treating Ingot with Hydrogen—The ingot molds were about 
90 in. high, holding about 5 tons of steel, and in most cases only one ingot from a heat of 
steel was treated with hydrogen. The method of introducing hydrogen is shown in Fig. 13. 
The hydrogen from the cylinder is bubbled through a bottle containing mercury in order 
to know when the gas is flowing. The rubber stopper is wired in, and the bottle tested 
to over 40 Ib. per sq. in. air pressure. For safety it is partly buried in a box containing 
cleaning waste or covered with a wire screen. The bent %4-in. “double extra strong” pipe 
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Fig. 13—Method of Treating Ingot with Hydrogen. 


extending nearly to the bottom of the mold has a wall thickness of about %4 in. which 
requires considerable time to melt off as the molten metal rises in the ingot mold. The 
hydrogen is lighted at the end of the pipe before starting to pour the ingot and to keep 
the pipe open, a pressure of 15 Ib. per sq. in. is used when the metal first enters the 
mold. As the metal rises in the mold, the hydrogen pressure is increased to keep an even 
flow, as indicated by the bubbling of the gas in the bottle, and the pipe is moved back 
and forth across the mold in the molten steel. A maximum pressure up to about 30 Jb. 
per sq. in. is necessary, depending on how fast the pipe melts away. It has been found 
advisable to stop the flow of hydrogen when the metal is about one foot from the top 
of the mold to keep the molten metal from spattering out of the mold. The pipe is 
shortened by about four feet when removed from the metal, depending on how fast the 
ingot is poured. The time of pouring has been varied from two to four minutes and this 
also governed the volume of hydrogen used, the latter usually varying between 25 and 
40 cu. ft. While freezing, the metal gives off considerable hydrogen which burns at the 
top of the ingot. In the case of one ingot the solid crust was burned through with an 
oxygen jet resulting in a %4-in. stream of molten steel being thrown 5 or 6 ft. high for 
about a half minute, showing that considerable internal pressure is developed as hydrogen 
and other gases are liberated during the solidification of the steel. 


The use of hydrogen treatment of rails in studying the prevention of shatter cracks 
does not involve the assumption that hydrogen is the sole cause of shatter cracks in rails. 
It does involve the assumption that a control-cooling process which will prevent the very 
severe shatter cracking found in air-cooled hydrogen-treated rails will be effective in pre- 
venting shatter cracks in normally produced rails. This assumption appears not 
unreasonable. 
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26. Results of Tests in Special Cooling Boxes—Tables 4 and 5 give the 
results of cooling tests of rail specimens placed in special individual cooling boxes. 
Figure 14 shows typical cooling curves during a test. An examination of Table 4 shows 
that shatter cracks were prevented in many of the box-cooled rail specimens, and that 
the prevention of shatter cracks is made more probable by (1) placing the rail in the 
cooling box at as high a temperature as is practicable, and (2) allowing the rail to remain 
in the cooling box for as long as is practicable. Naturally the longer the rail is left in 
the cooling box, the colder it will be when removed; however, it will be shown later 
that it is the time in the cooling box rather than the temperature of rail specimen at 
removal which is significant in the prevention of shatter cracks. 
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The practicable maximum temperature of the rail as it is placed in the cooling 
container is set by the tendency of the finished rail to be soft if the temperature at 
time of placing in container is too high. In another series of tests, described in Section 30, 
no appreciable change in hardness from that of air-cooled rails was found for specimens 
held in a furnace at 900 deg. F. for 5 and 6 hours. Rail specimens placed in cooling 
boxes at 1,100 deg. F. were 5 to 10 Brinell numbers softer than air-cooled specimens. 
Rails held in a furnace at 1,100 deg. F. were 25 to 30 Brinell numbers softer than air- 
cooled specimens: 900 deg. F. was chosen as an upper temperature limit for placing rails 
in cooling boxes. The exigencies of rolling mill practice make it impracticable to get 
every rail into the cooling box at precisely 900 deg. F., and for the upper limit of a 
temperature cycle of control cooling which should serve as a criterion for judging the 
effectiveness of the process in removing shatter cracks, 700 deg. F. was chosen—an arbi- 
trary value, but not an unreasonable one. It is, approximately, the lower limit permitted 
in the present practice for control cooling rails. 


For the lower limit of the temperature cycle 300 deg. F. was chosen. This is also 
an arbitrary value which was selected because it was recognized in the present specifica- 
tion for control cooling of rails which is in rather general use today, so the time required 
for the rail to cool from 700 deg. F. to 300 deg. F. is given in Table 4. 

An examination of Table 4 shows that no shatter cracks were found in any rail 
specimen which was placed in a cooling box at a temperature of 700 deg. F. or higher, 
and which, remaining in the box, required 7 hours or more to cool down to 300 deg. F. 
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TABLE 44, 
TESTS FOR SHATTER CRACKS IN RAIL SPECIMENS PLACED IN SPECIUL 
COOLING BOXES A? A TEMPERATURE OF 700° PaHR, OR HIGHER, 
Boxes insulated with rock woole One box for each rail specimen tested, 


Heat Specimens Time in Time to Shatter Cracks ~ Shatter Cracks 
Put in Removed Box Cool from in Gin, in Gein, of 
Box at from 700° Fe to Etch Specimen Control Specimen’ 
Box at 300° F. Cooled in Air 
degrees F. degrees F, hours hours Long. ‘Trans, Long. Trane. 


I, TESTS AT MILL P= WNormally produced Rails, 
(a) 112-1d. rails 


88 900 700 less than 1,8 less than 1,8 7 0 22 0 
300 600 ie Set ee és 0) ) 
900 - - ba! . Me 2 c0) 0 
78 300 800 Less than 1.9 less than 1.9 Y¥ 0 2 0 
900 Joo . " 256) sehen 2.6 1 ) 
300 600 EO Se ALE a ) 
900 = — oe LL LJ 36 0 0 
800 less than 2.6 less than 2.6 0 ft) 1 ) 
Ww oo 700 « f] ee te et eG ° 2 
900 600 " NS eo oe O 0 
300 < - - 259 O 0 
54 900 800 less than 2.3 lees than 2,3 §& (0) 22 1 
300 J00 " ” 302 J See 0) 
900 600 JR AY os i) 
900 = = = atc” 309 «3 ° 
(bv) 130-1b. rails 
70 300 800 less than 2.9 less than 2.9 1 fs) 16 fo) 
900 700 A ols eRe «367 10 ) 
900 " = Br, Ly 505 OO 0 
900 - - - Jt 305 0 C) 
91 900 800 less than 2.6 less than 2,6 20 (e) 24 1 
900 700 " a 31 " " 3el 9 0 
900 600 Sie a 508, en 8 588 0 0 
300 - - - wees 504) Smad 
an 900 800 less than 2.8 less than 2.8 6 0 23 l 
900 700 J W 4,0 ee 0 0 fo) 
300 600 fn " 7.0 " “ 720 9) 0 
900 - ute nae tS et) ) 
69 900 800 less than 2.8 less than 2,8 16 0) 20 2 
900 700 " ~ sry at 302-5 0) 
900 600 ¥ " 505 bdo A 505 0 (0) 
900 - - - cee te 568 a6 ) 
II, TESTS AT NILL M = Normally produced Rails. 
200-1b, rails 
2 900 800 02 - - 7 (6) lo t) 
300 700 0.6 - - 6 () 
300 600 2e2 less than 2.2 0 0 
900 500 4,6 : " 406 (0 () 
900 - -- " "1.9 i2 0) 
900 - a x " 3.7 0 ) 
900 =. a eel u 5e 0 ie) 
4 900 800 O UE 43 7 25 1 
900 Joo 2. - - 7 6 
900 600 3e2 «less than 3.2 0 0 
900 500 503 : 563500 (0) 
900 - -- J 3) \y 
900 - -- x > Teed fy) 
= oo LJ 303 0 0 
psd - -- " a) ) 
6 900 800 005 - - lo y £ 2 
900 700 1.3 =. = 0 0 
900 600 e3 less than 3,3 0 0 
500 500 6.67 670 0 
‘900 = at Meg 2 " 14 13 3 
900 - -- Lael te = tt am U 0 
900 a en y 54 0 0 
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TABLE 4 (Continued) 


ee ee Se ee 
Heat ecimens Time in Time to Shatter Cracks Shatter Cracks 
Put in Removed Box Coo} from in 6-ine in Gin, of 
Box at from 700 oe to Etch Specimen Control Specimen 
Box at 300° Fe. Cooled in Air 
hours hours Longe ‘Trans. Long. Transe 


degrees Fe degrees Fe 
III. TESTS AT MILL M - 100-1be Rails from Hydrogen-treated Ingots. 


3 900 800 0.3 - - 280 ye 167 33 
foo 1p lege tiga 265 “6k 
° 8 e 
500 at ms ets 6 BaD 
800 oe - = . i 2ek 1 14 
Y) a = Aoi a uJ) bs6 3 S 
8 300 1 O05 i ie 2 20 do 6 
He < . 
ne Re PP EE 5 
900° - -- Sp geey a3 =e 6 
oe S == ‘ ° 4.0 0 fC) 
bo oad 5 el 10) 10) 
12 on 800 003 - - 20 
00 1.0 Ses 
900 3 202 «less than 2,9 ‘ 5 S ca 
300 500 Tel ee ) 0 
g00 - -- . " 2.0 lo ho 
900 - - « # Cy 305 4 2 
900 ky Saas 2 & " 6.2 0 (0) 
I¥. TESTS AT MILL D - 131-1lb. Raile from Hydrogen-treated Ingots. 
4200 1100 le 5 
yey 1100 a Pits ae See 4 iT 8) 
pees 760 20 ee | 
1100 76 fo -- ° 0 
1100 710 520 -- C) () 
1100 720 6.0 -- C) 0 
700 470 20 e 
700 410 aes Qe eS - 
700 430 5e0 503 3 1 
700 4o5 me) 663 Co) (0) 
700 430 720 ee ae 05 
700 450 Be0 83 0 0 
4100 9 -- 
Inge 11 92 © 0 500 = 25 sAesepge aiaey aaa 
950 665 40 1,3 33 1 
950 640 520 201 0 0 
950 520 0 4.7 ° (0) 
950 530 Teo 500 0 fo) 
4ol 
59 the we Brae * ae) uy 128 29 
700 425 5.0% 5.2 Ro . 
700 415 6.0% 6.1 y se 
£00 at) 7.08 Tie <0 0 
Too 390 8.0% Bl 0 0 


EE eee 


* After removal from cooling bo ° 
X» specimen wascooled to 100 F 
under a 3-ft. mill fan and then placed in ice water for & rica 
to reprdsent severe winter cooling conditions. 
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TABIE 5. 
TESTS FOR SHATTER CRACKS IN RAIL SPECIMENS WHICH WERE REMOVED 
FROM SPECIAL COOLING BOX AT A TEMPERATURE HIGHER THAN 300° F, 


Heat Wtecf Specimens Time in Shatter cracks Shatter cracks 
Rail Put in Removed Box in 6-in, in 6-in, of 
Box at from Etch Specimen Control Specimen 
Box at Cooled in Air 
Ibeper hours Longe Transe Long. Trans, 


yard degrees F, degrees F. 


I, TESTS AT MILL F = Normally produced railse 
(a) 112-1, rails 


88 112 0 ee less than ass i 6 Ss R 
78 112 900 800 cs Be f (0) 
00 : ° (a) 
300 BS “! SS. 0 te) ee be 
11 800 " "2.6 0 0 
S : 300 00 Li oS 0 0 15 0 
300 " " 465 fe} 0 
54 12 900 800 " Be: 8 0 
300 tg ee ee Oe oe 
(b) 130-1b. rails 
7O 130 900 800 u reed 1 0) 
‘00 n " Zel (0) (0) 
300s pre Cs 16 
91 130 900 800 " WW ENS 20 (o) \ 
" " Si 0 2 ul 
300 $0 non BSE aur. 8 
"  ) 258 6 fe) 
a oe oS n 8 So 0 0 ae 
900 " “67-0 0) () 
" OEE 16 (0) 
® w  3B ens ee ee 
900 600 "5.5 ) ) 
II, TESTS AT MILL M o Normally produced rails, 
100-1b. rails 
2 100 900 800 Be I “ 
300 (eo 252 0 0 10 0 
900 500 4.6 (0) 0) 
ie 4 
Seen seme wi) Yet aa 
900 600 Fe2 ) 0) 
900 500 503 te) fe) 
6 100 900 800 005 10 y 
900 700 1.3 0 10) 8 9 
900 600 362 (a) (0) 
900 500 6.7 (0) 0) 
III, TESTS ATUILL M = 100-1b, Rails from Hydrogen-treated Ingots, 
800 003 280 ye 
ao ae 700 1,1 264 46 167 33 
900 600 202 2 (0) 
900 500 6.1 (0) te) 
8 100 900 800 005 29 lo ho (5 
Ts 8 2 
oO Bo 3e3 2 (a) 
900 500 ° 0 0 
800 003 20 18 94 
ed vies 700 1,0 7 Mi 
900 60 209 0 i¢) 
900 500 Tel 0 18) 
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TABLE 5 (Continued) 


Heat Wt.of _ Specimens Time in Shatter Cracks Shatter Cracks 
Rail Put in Removed Box in 6-in, in Gin, of 
Box at from Etch Specimen Control Specimen 
Box at Cooled in Air 
lb.eper : 
yard degrees F, degrees Fe hours Longe Transe Longe Transe 


IV. TESTS AT MILL De l3l-lb, Rails from Hydrogen-treated Ingots,. 


86371 131 500 390 pee - ; 
0 x 
20 5 5 eC ? 0 160 55 
500 360 6.0 3 0 
86373 «127 500 es) ae T 2 
aes 500 385 20 1 0 
500 380 5.0 0 0 87 28 
500 325 6,0 1 0 
85371 «127 oe 35 ge 20 45 
500 360 560 21 3 2ho 6 
500 325 2 1 fo) 
41003131 1100 930 1,0 150 Bu 
Ingot 9 1100 830 240 ne ah 
1300 76 3:0 35 5 207 yo 
11 0 
1100 13 526 8 0 
1100 720 6.0 ) i) 
700 470 320 50 ll 
700 aes 4.0 20 8 
709 0 a 
700 130 ay 3 0 
700 430 720 ty) fe) 
41003 131 950 710 2.0 75 9) 
Tngot 950 700 320 25 16 ee 9° 
l 950 670 20 3 1 
950 O40 5e0 0 0 
950 520 0 te) te) 
950 5” 720 (0) (0) 
500 380 () 31 12 
500 370 ite 19 5 
500 350 520 0 3 
500 350 20 ) 0 
500 320 7.0 0 Q 
500 330 8.0 (0) ) 
40159 131 700 470% 0 2300 128 a 
700 Yyo* i 56 2b 
700 430% 5.0 ho 15 
700 4eox 6.0 \ 0 
700 4o0* T20 to) to) 
700 390% 8.0 (a) ° 


* Bail cooled ty }foot fan and ice water on removal from the cooling box, 
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TABLE Te 
MESTS FOR SHATTER ORACKS IN RAIL SPECIMENS PUT INDO SPECIAL 
COOLING BOXES AT TH{PERATURES OF hoo” Fahr. OR LOWER, 


ener ee ne aS eee 
___ Specimens __ Time in Shatter Cracks Shatter Cracks 
aon mit. Put in Box in 6-in. in 6-in, of 
Box at Etch Specimen Control Specimen 
lbeper Cooled in Air 
yard degrees Fe hours Longe Transe Longe Trans, 
I, ‘TESTS AT MILL F ~ Normally produced rails. 
88 112 200 21 1 0 22 0 
21 0 ie) 
hoo 21 0 10) 
8 112 200 ca 3 0 
i 21 } 0 ce) 2 
ee 21 0 10) 
73 112 200 21 0 0 
00 21 0 0 15 0 
fot el fe) {0} 
54 ‘112 200 21 2 (0) 22 1 
a 21 is) 10) 
er 0 t¢) 
70 131 300 21 ) () 16 0 
400 a 0 (e) 
91 131 00 21 fo) 0 ok 1 
feos 21 0 (0) 
Oy 13 21 ) 0) 23 1 
foo at wha fo 
ics) 131 300 al 0 (0) 20 2 
II, TESTS AT MILL M= Normally produced rails. 
2 100 200 18,0 10) 0 10 10) 
fae Te 0 fo) 
12.6 (0) 0) 
¥ 100 200 14,8 7 ) 25 a 
fee ° to) (0) 
14.8 10) 0 
6 100 200 19.8 7 fe) & 9 
Fs 8.7 0 0 
14,3 0 19) 
III. TESTS AT MILL M =— Raile from Hydrogen-treated Ingotse 
3 100 200 15el 104 4 167 33 
be 66t 8 (0) 
11.6 ° ie) 
g 100 200 21.9 5 Ce) ho 6 
11.8 fe) fo) 
12 100 200 21.9 p (0) 18 94 
ie 8.5 0 0 
1325 10) ie) 
IV. SSTS AT MILL D = Rails from Hydrogen-treated Ingotse 
86371 131 210 More than 10.0 30 1 16 55 
255 * * 10.9 14 Cc 
20 Ms " 10.0 2 (e) 
20 19.9 10) 10) 
86373 127 200 "8 10.0 3 ) 8] 28 
250 Ls " 10.0 1 te) 
a u! " 10,0 0 (0) 
209 to) (0) 
; 4 } 
85371 127 200 Le ics 1lo 7 oho 65 
: 260 J * 10.0 19 ta) 
rg bs * 10.0 2 te) 
18.5 ce) 0 
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27. Is It Necessary to Allow Rails to Remain in the Cooling Box Until 
They Have Cooled Down to 300 deg. F.?—The recommended standard practice 
now in general use for control-cooling of rails requires that they be not removed from 
the cooling container until all rails have cooled down to 300 deg. F. This frequently 
requires 20 to 30 hours before the slowest cooling rail in the container reaches that 
temperature. This is a source of expense in rail production. 


To throw light on this question Table 5 has been prepared from the data of the 
series of tests made at the different rail mills. In this table are recorded the results of 
tests of 89 rail specimens each of which was removed from the cooling box at a tem- 
perature above 300 deg. F. An examination of this table shows that none of these rail 
specimens which had remained in the cooling box as long as 7 hours developed shatter 
cracks. It therefore seems that the tests showed that shatter cracks were prevented in all 
rail specimens which were placed in the cooling boxes at a temperature of 700 deg. F. or 
higher and which remained in the boxes for 7 hours or longer without cooling below 
300 deg. F. 


In this connection the question was raised whether the above conclusion would hold 
in winter weather, when rails removed from cooling containers above 300 deg. F. would 
be subjected to a more rapid cooling to air temperature than was the case during these 
tests which were mainly in the summer. To answer this question the rail specimens from 
Mill D, Heat 40159, on being removed from the cooling boxes were cooled down to 
100 deg. F. under a 3-ft. mill fan, and then placed in ice water for 8 hours. This drastic 
treatment did not develop shatter cracks in any rail which had been in the cooling box 
for 7 hours or more. The answer to the question, “Is it necessary to allow rails to 
remain in cooling box until they have cooled down to 300 deg. F.?” seems to be “no,” 
not if a rail is placed in a cooling container at 700 deg. F. or higher, and remains there 
for 7 hours, or longer, without cooling below 300 deg. F. So long as a rail does not cool 
below a certain minimum temperature, it seems to be time in the cooling container, 
rather than minimum temperature reached which is significant. 


28. Rates of Cooling of Rails in Commercial Cooling Containers—Two 
series of tests have been made on rates of cooling in cooling containers in use in Mills D, 
E, F, and G. The first series of tests showed that the rails in the lower layer of some 
containers cooled very rapidly—cooling from 700 deg. F. to 300 deg. F. in 3 hours or 
less in some cases. Since tests had shown that it was not necessary to wait until all rails 
had reached 300 deg. F. before removing any rails from the cooling box, it became pos- 
sible to remedy this rapid cooling by better insulation of the boxes against loss of heat. 
Figures 15 and 16 show how such insulation may improve the control-cooling process. 
Figure 15 shows the cooling curves for rails in various locations in an uninsulated cooling 
container. One of the test rails cooled from 700 deg. F. to 300 deg. F. in 3 hours and 
another in 5 hours. Figure 16 shows cooling curves for rails in an insulated cooling box 
at the same mill. The fastest cooling rail cooled from 700 deg. F. to 300 deg. F. in 7 hours. 
Nearly all the cooling containers in United States mills are now insulated. The bottom of 
the cooling box or car is covered with a layer of insulating material, and the sides and 
ends are insulated to a height of two or three feet. It seems important that there should 
be a minimum of air space between the rails and the sides, ends and floor of the cooling 
box or car. 

An obvious way of taking advantage of improved insulation in containers, and of 
the fact that it seems unnecessary that all rails cool to 300 deg. F. before the container 
is opened, is to allow the removal of the lid from the cooling container after some 
minimum time. This procedure was tried on hydrogen-treated rails at Mills D, E, F, 
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Fig. 15 Cooling Curves for Rails in Commercial Cooling Box Without Special Insulation. 


and G, using an interval of 12 hours from the time of placing the lid on the container 
to the time of its removal. Rails were removed as soon as it was deemed they would not 
suffer distortion by handling. Figure 16 shows a typical set of cooling curves, and Table 6 
gives the test results. It will be noted that the air-cooled control rail specimens showed 
numerous shatter cracks, but that no shatter cracks were found in the hydrogen-treated 
rails which were control cooled using this “lid-lifting’’ procedure. Some of these test rails 
were placed in the top layer of the box, some in the bottom layer. At two of the mills 
the fastest cooling rail cooled to 300 deg. F. in less than 7 hours. However, none of the 
control-cooled hydrogen-treated rails developed shatter cracks. These tests give rather 
strong evidence of the reliability of the plan proposed, to remove the lid from the 
cooling container after a definite interval of time. ; 


29. At What Temperature Do Shatter Cracks Actually Form?—This ques- 
tion is of interest, although it does not bear directly on the question of details of pro- 
cedure in control cooling of rails. Table 7 lists results of tests on 49 rail specimens at 
three mills which were put into cooling boxes at low temperatures, and allowed to stay 
there for periods varying from 5.4 hours to 21 hours. It will be noted that some speci- 
mens put in at 200 deg. F. showed shatter cracks even after 21 hours in the cooling box. 
~This seems to indicate that in those cases the shatter cracks had begun to form before 
the specimens were placed in the cooling box. On the other hand, the specimens put in 
at 300 deg. F. showed very few shatter cracks. This would seem to indicate that the 
actual formation of shatter cracks takes place somewhere in the temperature range from 
200 to 300 deg. F. It may be noted that tests by Wishart and Swanson on rail specimens 
placed in a furnace and reheated after they had cooled to 200 deg. F. show some evi- 
dence that the formation of shatter cracks may begin nearer to 200 deg. F. than to 
300 deg. F. It is to be noted that, although shatter cracks actually form at or below 


8 Trans., Am. Soc. Metals, September 1939, p. 785, footnote. 
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Fig. 16—Cooling Curves for Rails in Commercial Cooling Box with Insulation 
Around Bottom and Ends of Box. 


This test made at the same mill and under approximately the same air temperature 
as the test shown in Fig. 15 


300 deg. F., the rate of cooling at temperatures above that range determines whether or 
not shatter cracks occur. 

Two main results of the tests of control cooling of rails may be summed up as 
follows: 

(a) No evidence of shatter cracks was found for rails or rail specimens 
which were placed in the cooling container at a temperature of 700 deg. F. or 
higher, provided that the fastest cooling rail (usually a corner rail in the bottom 
row) did not cool down from 700 to 300 deg. F. in less than 7 hours. 

(b) Removing the lid from the container 12 hours after it had been put in 
place did not develop shatter cracks in any rail for which the conditions outlined 
in (a) were fulfilled. 


30. Tests of Rails Held at Constant Temperatures.—Tests on another type 
of thermal treatment which has been used at one mill give information on the time 
necessary to hold rails at various constant temperatures to prevent the formation of 
shatter cracks. These tests were all made at Mill D on 131-lb. rails. After the hydrogen- 
treated specimens were cut at the hot saws they were cooled on the mill floor to tem- 
peratures of 1,100, 900, 700 and 500 deg. F. and all but the control specimen were placed 
in a gas-fired furnace held at the above temperatures. The results of these tests are 


summarized in Table 8. 
After being removed from the furnace the specimens from Tests 3 and 4 were 
cooled under the mill fan and then in ice water for eight hours. This accounts for the 
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TABLE 8 


Resutts or Ercu Tests or SPECIMENS HELp For Various LenctHs OF TIME AT 
Four DIFFERENT TEMPERATURES 


t+Number of Shatter Cracks on One 


Constant Time in Side of Six-inch Slice 
Furnace Furnace, —— —_—_——— 
Temperatures Hours Test 1 Test 2 festa Test 4** 


— 
ao 
OVO or 


Seleliclsici ooeslelsis ooeisisi:ls! Sooeilsl=le 
— 


Control Spec.* 
1,100° F. 


bom 
Or 
AH 


~~. 


Control Spec.* 160) L441 |. "87 B18) Daie92 on62e ie el 2bela only 
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” 0 


No 
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* Control specimen cooled in air outside the mill. 

j Shatter cracks are recorded as the number of longitudinal (L) or transverse (T) shatter cracks 
on one side of a longitudinal slice six inches long. 

** For Tests 3 and 4, after the specimens were removed from the furnace they were cooled under 
a mill fan and then in ice water for eight hours. 


increased number of shatter cracks in the specimen held in the furnace one hour as 
compared with the number found in the control specimen’ cooled on the mill floor. It 
will be noted that the formation of shatter cracks was prevented by holding the speci- 
mens 3 hours at 1,100 deg. F.; 4 hours at 900 deg. F. and 700 deg. F.; and 5 hours at 
500 deg. F. The tests also furnish further evidence that after the rails have been held a 
sufficient time at a given temperature, fast cooling to freezing temperatures is not 
dangerous. 


31. The Brunorizing Process for Rails—A commercial process of normalizing 
rails was developed by the Illinois Steel Company in 1936. Rails treated by this process 
are called Brunorized rails in honor of Mr. John Brunner, manager, Department of 
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Metallurgy and Inspection, Carnegie-Illinois Steel Corp., co-chairman of the contact 
committee during the early part of the Rails Investigation. An important modification 
in this process was made in April 1938 which includes holding the rails in gas heated 
containers at a temperature about 1,000 deg. F. for two or more hours before the nor- 
malizing treatment. A few heats of rails produced by the Brunorizing process before the 
modification in 1938 have developed typical transverse fissures in service from shatter 
crack nuclei but no Brunorized rails produced after the holding period was adopted have 
developed fissures. Laboratory tests were made of hydrogen-treated rails produced by 
the modified process but no shatter cracks were found while companion rails cooled on 
the hot bed developed many shatter cracks. Laboratory tests and service records so far 
available indicate that the holding period is adequate to prevent shatter cracks in 
Brunorized rails. 


32. The Service Record of Control-Cooled Rails—Mr. W. C. Barnes, engineer 
of tests for the AREA Committee on Rail, reports about 3,000,000 tons of control-cooled 
rail (rolled under contract, not including experimentally control-cooled rail) in service 
June 30, 1940. Up to October 1940 only three actual fissures® in control-cooled rail and 
one vertical split head had been reported to the test party. Laboratory tests showed that 
two of the three fissures started from large slag inclusions near the tread of the rail, and 
that the third started from blow holes in the head of the rail. A vertical split head 
had developed from a gross slag segregation surrounded by a large area of decarburized 
steel. All four rails were found to be free from shatter cracks. This may be considered 
a decidedly promising record for control-cooled rails, and gives ground for the expectation 
that very few, if any, control-cooled rails will develop the ordinary type of transverse 
fissure, originating in a shatter crack. 


33. What Control Cooling Will Not Do for Rails.—A word of caution about 
control-cooled rails seems in order. Control cooling is not a panacea for all rail troubles. 
It will not prevent segregation and slag inclusions. It will not prevent decarburization of 
steel. It will not prevent undue wear at the tread, with consequent slivering and some- 
times the starting of a progressive (fatigue) fracture. It will not prevent failures starting 
in the base or the web of the rail. It will not prevent failures starting from wheel burns 
on rail. It seems so far to be a very effective inhibitor of shatter cracks, and may be 
expected to reduce very greatly transverse fissure failures and compound fissure failures 
as the ratio of control-cooled rail to total rail in service increases. 


VI Chemical Composition and Metallographic Structure 
of Rail Steel 


By R. E. CraMER 


34. Chemical Composition of Rail Steel—During the investigation heat analyses 
were furnished the test party for all test rails. However, all the test rails showed chemical 
analyses within the allowable limits set by AREA specifications. Table 9 gives those 
limits. 

During the early part of the investigation, when testing 130-lb. rails, shatter cracks 
were found to be more prevalent in rails of high silicon content. However, in later tests 
of 110-Ib. rails, especially those from one rail mill which were quite high in silicon, this 
relationship between high silicon and shatter cracks broke down. 

® Several broken rails had been reported as ‘‘transverse fissures’ or “compound fissures’, which ,on 
examination were found to be failures starting from the surface at a burn or at the flowed metal at an 


upper corner of the head of a rail. Such failures are not properly classified as fissures, which start 
from the inside of the head of the rail. 
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Fig. 17.—Longitudinal Horizontal Sections of Rail Heads Showing Segregation Streaks. 
(a) Rail 82. Etched in acid to show segregation streaks. Numbers indicate location of tension specimens 
from the rail. Chemical analysis made of material in streaks in this rail. 
(b) Ral 92. Etched in acid showing segregation streaks from which material was taken for chemical 
analysis. 
(c) Longitudinal section of Rail 82. No shatter cracks shown by etch test. 


(d) Longitudinal section of Rail 546. Both transverse and longitudinal shatter cracks along segregation 
streaks shown by etch test. : ; 


a ee 
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TABLE 9 
STANDARDS FOR CHEMICAL CONTENT OF Ratt STEEL 


AREA Standards 


Item 1931 As Revised 1933 
Weight of Rail, lb. DEP YC ee Soa hoses ot 110-120 120-140 110-120 120-140 
CATON mM DCLCENty Soma aue-toetsiciteis-aharais lcs seikve ave 0.67-0.83 0.72-0.89 0.67-0.80 0.68-0.82 
Mianwaneser percent wr..c5 gs yesis fs sieve sons Ses 0.50-0.90 0.50-0.90 0.70-1.00 0.70—1.00 
IHOsphorusis percents Max, =. 5.--26s oss. 0.04 0.04 0.04 0.04 
Silicommepercenty, swacnircctennts 4. ve tases 0.15min. 0.15 min. 0.10-0.23 0.10-0.23 


It was generally recognized that there were more shatter cracks in rails of the 
higher carbon content. Because of these considerations the chemical analysis of carbon 
steel rails was revised by the AREA in 1933 to slightly lower the carbon content, and 
definite limits were set on the silicon content. The changes in chemical analyses were 
made before control cooling was adopted by the United States rail mills. 


35. Segregation of Chemical Constituents—lIt is well recognized that it is 
difficult to prevent chemical segregation in ingots of the size used for railroad rails, 
which are around 2 ft. square by 80 to 90 in. high. Such ingots require considerable time 
to solidify to the center so if the molten steel is not in the ideal state for pouring, the 
ingots may develop segregation or pipes. Phosphorus, sulphur and carbon are the 
chemical elements most likely to segregate. The recent adoption of the all-ingot nick and 
break test should reduce to a minimum the number of piped or web segregated rails 
which. will be put in service in track. 


TABLE 10 


CHEMICAL COMPOSITION OF SEGREGATED STREAKS IN Raits 82 AND 92 


Chemical Content—Per cent 


Rail Method of Sampling Ss 


Cc Mn Se P eS) 
82 Composite sample across 
Pall epee ee ee Se ee. 0.79 0.88 0. 06 0.035 0. 026 
Sample from segregation 
SUC AKG eeeme ie i eee a 0.87 0.96 0.05 0.100 0. 067 
Increase in ues sb ale 0.08 0.08 |—0.01 0. 065 0.041 
eG; ite sample across 
: Sas so 8 sah ian ara 0.69 0.80 OD, Ie 0.029 0.041 
Sample from segregation 
Ea gn ta eat xe 0.77 0.87 0.16 0. 066 0.076 
Increase in streaks__-__---- 0.08 0.07 |—0.01 0.037 0.035 


LN. 


Careful consideration has been given during the course of the Rails Investigation to 
segregated streaks found throughout the heads of some rails. Figure 17 (a) and (b) 
show two examples containing very large segregation streaks. Drillings for chemical 
analyses were taken from the segregation streaks of these two rails using a drill 0.086 
in, in diameter. For comparison a composite sample was made with a Y-in, drill of the 
metal across the width of the heads midway between the top and bottom. The analyses 


of these samples are given in Table 10. 


50 Investigation of Fissures in Railroad Rails 


These analyses show a decided segregation of phosphorus and sulphur in the streaks 
and some increase in the carbon and manganese. To determine the effect of this com- 
position on the physical properties of the metal in the streaks, 8 tensile specimens % in. 
in diameter, at the reduced section, were machined from Rail 82 which is shown in 
Fig. 17 (a). This rail did not contain shatter cracks in the segregation streaks as is evi- 
dent in Fig. 17 (c). The method of obtaining such specimens was to etch both ends of 
414-in. sections of the rail head and to center punch the streaks which extended through 
the sections. The tensile specimens were then turned out using these punch marks as 
centers. Two control specimens, No. 7 and No. 8, were taken from the lower corners of 
the head which did not contain segregation streaks. The specimens were tested in 
spherical seated holders in an Olsen 10,000-lb. testing machine and special care was taken 
to line up the axis of each specimen perpendicular to the plane of the cross-head of the 
testing machine. Table 11 gives the results of the tensile tests. 


TABLE 11 


TENSILE TEST RESULTS OF SPECIMENS From SEGREGATED STREAKS AND FROM 
UNSEGREGATED METAL IN Ratt 82 


Tensile 
Strength, Elongation Reduction 
Specimen lb. per inesaine of Area, 
sq. in. percent percent 
SPECIMENS FROM SEGREGATED STREAKS 
BQH dite Bee ER ees eee 146,500 ai ae (8 
8222 oo. ces Se eee ee 144,000 4.3 8.4 
yan Ee els Aa A Py Ae 142,300 6.0 10.8 
82-45. oe SEAT es eee eee 140,000 6.0 8.5 
S2=6 ee Ae eee ee Pe eee ee 133 , 300 EO) 15.0 
82-6 ne A 144,600 6.0 11.0 
AV. 31o Se ee eee 141,800 5.9 10.3 
SPECIMENS FROM UNSEGREGATED METAL 
82=T. os eee 113,500 14.0 2052ee 
82-80 32 2 5 ee eee 117,500 12.5 28.9 
AV. 05.235 eee 115,500 1163574 24.6 


It will be noted that the metal in the segregated streaks was stronger but lower in 
ductility than the unsegregated metal. The results of these chemical and physical tests 
give some explanation why shatter cracks are often located along or radiating from 
segregation streaks, as shown in Fig. 17 (d). It seems that the brittle material of the 
streaks would be more subject to cracking than the more ductile metal surrounding the 


streaks and so it is not unusual to find some rails containing shatter cracks only along 
such streaks. 


36. Metallographic Tests of Rail Steel—Metallographic examination of pol- 
ished specimens has been an important tool throughout the investigation. It is difficult 
to summarize the metallographic tests because so large a portion of this work has 
necessarily been of a routine nature. Metallographic testing has been used to study rails 
for grain size, impurities, location of cracks, decarburization both external and internal, 
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Fig. 19—Typical Crystalline Structures of Rail Steel. 
(a) Excess ferrite. Magnification 110 X. Etch 2 percent picral. 
(b) Pearlitic structure. Magnification 110 XX. Etch 2 percent picral. 
(c) Excess cementite. Magnification 110 XX. Etch sodium picrate. 
(d) Pearlitic structure. Magnification 1,100 X. Etch 2 percent picral. 


Fig. 20.—Path of Fatigue Crack Through Pearlite, 


Magnification 1,500 x. Etch 2 percent picral. Note that the crack is 
comparatively straight with no branches. 
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etc. About 1,000 photomicrographs have been taken, using magnifications from 100 X 
to 4,000 X, and these are available in the files of the Rails Investigation. Most photo- 
micrographs of the grain structures of rails have been taken at either 200 & or 2,000 X 
magnification, depending on whether it was desirable to show the general grain size or 
the nature of the pearlite within the grains. The microscope has also been used to study 
and photograph scratch extensometer records and to measure the radii of notching tools 
used to make notches in fatigue specimens. 

A typical example of the use of the microscope to study failures is shown in Fig. 18. 
The straight longitudinal part of Fig. 18 (a) was known to be the origin of a compound 
fissure in a Bessemer rail. This picture is a group of three photomicrographs originally 
taken at 100 X magnification and here reduced to about 33 X. The straight edge just 
above the inclusion marked A~B represents the section of initial failure. At the right end 
of the straight section the horizontal component of the fissure turned down in the rail 


Fig. 21—Shatter Crack in Pearlite. 
Magnification 1,500 X. Etch 2 percent picral. Note that the shatter 
crack is very irregular and has branches extending in various directions, 
indicating a shattered condition of the steel. 
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head. This portion of the fissure made an oblique angle with the polished surface, which 
makes the crack appear much wider than it would on a surface perpendicular to the 
crack. If a straight edge is laid along the inclusions C and D in Fig. 18 (a), it will be 
seen that they are in line with the edge where the fissure started, indicating that there 
has been an inclusion along this straight section of the fissure. 

Further verification of the above explanation is shown in the lower photomicrograph 
marked (b) of Fig. 18. This micrograph was taken at 400 X magnification and is repro- 
duced here at 130 X. It shows the large inclusion marked A-B in micrograph (a). It 
will be noticed that there is a narrow band of ferrite along the edges of this inclusion. 
A similar band of ferrite is seen along the edge of the fracture extending the full length 
of this picture. Also at J there is a small fragment of the original inclusion which was in 
this space. The inclusion marked A—B shows numerous cracks. These inclusions are quite 
brittle, and would readily crack under heavy wheel loads, thus acting as possible start- 
ing points for fissures. These observations indicate that this fissure started in a hori- 
zontal direction, in or along a rather large inclusion in the highly stressed area of the rail 
head. This fissure as it spread developed into a compound fissure extending toward the 
center of the rail head. 


Four typical structures of rail steel are shown in Fig. 19. Figure 19 (b) shows 
the structure commonly found, a pearlitic structure. Figure 19 (a) shows a structure 
infrequently found, in which there is a slight excess of ferrite which outlines the 
original austenite grains of the metal. Figure 19 (c) shows a structure fortunately 
very rarely found, in which there is an excess of cementite outlining the grains of the 
metal. This structure indicates unduly brittle steel. Figure 19 (d) is a micrograph of the 
typical pearlitic structure magnified 1,100 times. 


Figure 20 shows the path of a fatigue crack across three pearlitic grains of steel. It 
will be noted that at the left of the micrograph the crack cuts across the pearlite 
lamellae. In the center grain it extends closely parallel to the grain boundary, while in 
the larger grain to the right it is between the pearlite lamellae. It has been found that in 
general fatigue cracks progress in a fairly straight line perpendicular to the direction of 
the principal tensile stress. Figure 21 shows a shatter crack in pearlite. It should be noted 
that the shatter crack is very irregular and has branches extending in various directions. 
Such cracks are well named as they represent a general shattering of the metal in the 
vicinity of the crack. In general it may be stated that no typical structure has been 
associated with shatter cracks except that they are more numerous in segregation streaks 
which usually contain more non-metallic inclusions than the surrounding rail metal. 


VII Mechanical Properties of Rail Steel 
By S. W. Lyon 


37, Introductory——At the inception of the Rails Investigation a program of 
_ mechanical testing of specimens cut from rails was carried out to furnish information 
regarding the properties of rail steel. While many of the tests that were carried out 
were of such a nature as to give information to supplement the findings of the metal- 
lographic, rolling-load, and other tests, the later mechanical tests, especially, were made 
with the purpose of enlarging the fund of data regarding the behavior of rail steel as an 
engineering material with, of course, especial attention to its use in railroad track. 

The tests which comprised the earlier part of the program were mostly concerned 
with the establishment of the mechanical properties of rail steel both as found in shatter- 
cracked (as determined by etch tests) and in non-shatter-cracked rails. Further to de- 
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lineate the difference between the various properties in shatter-cracked and non-shatter- 
cracked steel, specimens were obtained from the shatter-cracked rails from areas containing 
cracks and those adjacent in the same rails not having cracks as revealed by the etch test. 
The many rails tested included hot-bed cooled rails, control-cooled rails, normalized or 
Brunorized rails, and rails of special composition; these rails also included various weights 
and types of section. 


When the program of the Rails Investigation was expanded to include the problem 
of hardening of rail ends to minimize batter” a great many mechanical tests of specimens 
cut from rails so treated were made. These tests were made on rails end hardened by 
11 processes of which 6 represented mill end-hardening practice and 5 practices used 
to end-harden rail ends in track. Specimens were cut and tested so as to survey the 
mechanical properties of the steel as affected by the various end-hardening processes 
and also of the unhardened rail steel to give a comparison of the effect of hardening. 


Besides the above enumerated more or less routine tests carried out in direct relation 
to the specific problems of transverse fissures and the end hardening of rails, certain 
special tests were made. These special tests were suggested by the major problems and 
are so related as to give information on certain phases of the transverse fissure and end 
hardening problems. Considerable effort was given to the determination of the effect of 
temperature, especially low temperatures, on the mechanical properties of rail steel. In 
connection with the end hardening of rail ends much work was done on the effect of 
hardness on rail steel as to tensile strength, ductility, toughness, and fatigue strength. 
Other special tests were also made on the effect of rolling on the toughness of rail steel. 


Included in the various tests applied to specimens cut from rail steel to study the 
properties of rail steel were static tension tests, impact bending tests, fatigue tests, impact 
tension tests, hardness tests, and other special mechanical tests that will hereinafter be 
described. Certain of the above tests were applied not only at normal room temperature 
but at depressed temperatures to as low as —60 deg. F. 


38. Static Strength —The various studies of the static strength of rail steel will be 
discussed under two main classifications which included the following outlined features. 


(a) Many static tension tests of specimens cut from rail heads were made 
in connection with shatter-cracked and non-shatter-cracked rails in the pursuit of 
the general problem of the cause and prevention of transverse fissures in rails. 


(b) In connection with the investigation of end-hardened rails many tension 
tests were made of specimens cut from the end-hardened and unhardened steel in 
rail ends hardened by the various end-hardening processes. These tests were made 
to study the effect of the hardening on the steel in the rails so treated. 


(a) Static Tension Tests of Specimens from Head of Rail.—Static tension tests were 
made on about 40 tension specimens cut from the heads of certain test rails in the first 
lot received (hot-bed cooled rails). Rails from five mills were in this first lot. These 
tension specimens were all from rails for which the etch test specimens showed no shatter 
cracks. The range of values found is given in Table 12. 

Static tension tests were also made on specimens cut from the heads of rails for 
some of which the etch test had shown shatter cracks. The type of tension specimen for 
this second lot is shown in Fig. 22 (a). The specimens were cut so as to provide speci- 
mens from (1) the metal near the surface of rails, and (2) from the steel near the 
center of the cross-section of the head. 


19 A subsequent report will discuss the tests to measure batter on rails with ends unhardened and 
with ends hardened. 
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Fig. 22—Specimens for Mechanical Tests of Strength and Ductility. 


Shatter cracks, if present, are found from 3 to 34 in. below the tread of a rail. 
Hence the difference between the physical properties of specimens from the center of 
heads and those near the surface of heads of rails, in one case having shatter cracks and 
in the other case being free from shatter cracks, should give information on the effect of 
shatter cracks on the strength and ductility of the metal. Figure 23 gives graphically a 
summary of the average results of mechanical tests of many tests on specimens from a 
large number of rails. It is evident that there is a distinct difference in tensile strength, 
reduction of area, and elongation between the steel in the center of the heads of rails in 
which shatter cracks were found by the etch tests, and the steel near the surface of such 
rails—a much larger difference than was found in rails free from cracks. The results 
are presented on a percentage basis so as to combine results’ of tests from various 
strength rails in the summary. 

(b) Static Tension Tests of End-Hardened Rail Steel.—In connection with the gen- 
eral program of testing of end-hardened rails, mechanical tests of specimens from rails 
end-hardened by 11 different processes were made. Included in the mechanical test sched- 
ule were static tension tests of specimens cut from the end-hardened and unhardened rails 
hardened by these 11 processes. Descriptions of the 11 end-hardening processes are given 
in Table 13. 
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TABLE 13 
SUMMARY OF END-HARDENING Processes UsEp IN TESTS OF RAIL STEEL 


Process Mill or 


No. Track Method of Heating Method of Quenching 
1 Mill Reheated by electric induction Warm water | 
2 Mill Reheated by gas burner Compressed air 
3 Mill Quenched from rolling heat Water spray 
4 Mill Reheated by gas burner Water spray | 
5 Mill Reheated by natural gas burner | Compressed air and steam 
6 Mill 
7 Track Track machine-Oxyacetylene Conduction of heat to cold 
metal 
8 cine | cad Coes ee A ee | ee 
9 Track Free-held oxyacetylene torch Water sprinkler 
10 Track Automatic oxyacetylene machine] 700 ec. of water 
iit Track Oxy-propane torch____=_______- One pint of water 
12 Mill or i 
Track | Oxyacetylene torch______----_- Compressed air 


* Process 8 used with built-up ends of rails. No tests of material reported. 


Figure 22 (c) shows the type of static tension test specimen cut from the end- 
hardened rails hardened by the 6 mill-hardening processes. The relatively shallow depth 
and short length of end-hardened material produced in the rail samples by the 5 track 
end-hardening processes precluded obtaining tension specimens for those rails. 

Figure 24 is a summary of the static tension test results on the mill end-hardened 
rails. Each test value compared for any one process is the average of three or more test 
results on specimens. While tension test results were obtained from other zones of the 
end-hardened rails only the data obtained from the specimens cut from the portions of the 
rail heads adjacent to the tread of the rail were used for comparison, as these results 
were judged to be typical and no unusual data were obtained from the other zones 
investigated. 

Examination of Fig. 24 shows that all of the mill end-hardened rails show increased 
tensile strength, elongation, and reduction of area values for the end-hardened material 
as compared to the unhardened steel. In view of the increased hardness of the end- 
hardened steel the increased ductility as shown by the elongation and reduction of area 
data is somewhat surprising. However, this improvement of ductility can be accounted 
for by the improved microstructure of the hardened steel brought about by the heat 
treatment imposed by the processes of end-hardening. Examination of end-hardened 
microstructures shown in AREA Proceedings, Vol. 37 (1936) page 645, and Vol. 39 (1938) 

page 816, offers substantiating evidence. 


39. Energy Strength (Resistance to Impact) 

(a) Tests of Specimens from Uncracked Rails—Izod impact tests of notched speci- 
mens were made on specimens cut from the heads of certain test rails in the first lot of 
rails (hot-bed cooled) received. The range of values for energy of fracture is given in 
Table 12. The rails from which these specimens were cut were free from shatter cracks, 
as shown by etch tests. 

(b) Transverse Fissure Studies—When the program of mechanical testing was 
started in conjunction with the early work on transverse fissured rails many impact tests 
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Fig. 23—Results of Mechanical Tests of Specimens of Rail Steel. 


were made on specimens cut from shatter-cracked and sound rails. The first impact 
tests which were made were carried out on the Charpy 223-ft. lb. capacity machine in 
the Talbot laboratory, using standard bending specimens with notch imposed. The resist- 
ance to fracture as measured by absorption of energy during fracture gave values, even 
for sound rail (1 to 3-ft. Ib.), that were so small that the test was unsatisfactory as a 
method of differentiating between the test values obtained for shatter-cracked rails and 
sound rails. Consequently the unnotched specimen shown in Fig. 22 (d) was used as it 
provided a specimen which absorbed for sound rail steel approximately 100-ft. lb. of 
energy during fracture. The unnotched specimens besides providing a specimen better 
suited for differentiating between shatter-cracked and sound steel was also considered as 
giving a better measure of the toughness of the steel rather than a test of a notched 
specimen which shows the effect of the particular notch imposed on the specimen. 

Figure 23, sixth column, gives a graphical summary of a large number of Charpy 
impact bending tests made on unnotched specimens machined from many rails. The 
specimens were cut from these rails so that impact energy strength values were obtained 
for the metal in the rail heads both at the outside or tread surface of the rails and of 
the metal within the head at the zone where shatter cracks form. The rails tested in- 
cluded shatter-cracked and sound rails of various weights and sections; these rails also 
included rails hot-bed and control cooled. Examination of the sixth column of Fig. 23 
shows that while for both sound and shatter-cracked rails the metal from the inside of 
the head showed lower impact values this difference in the shatter-cracked rails was 
much more pronounced. 

(c) End-Hardened Rails—tIncluded in the general program of testing of end- 
hardened rails, impact energy tests were made on specimens cut from the various rail 
samples hardened by the processes described. The impact tests served as a measure of 
the energy strength of these rails and were made as a part of the program of mechanical 
testing. 

Two types of impact tests were included in the program of testing. Charpy impact 
bending tests were made from the hardened and unhardened material of the end-hardened 
rail samples; the unnotched type of specimen shown in Fig. 22 (d) was used. Besides 
the Charpy tests, notched Izod bending tests were made. Figure 22 (e) gives the details 
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Fig. 24.—Results of Static Tension Tests of Specimens from End-Hardened Rails. 


of the specimen. The Charpy and the Izod impact tests were made on the rail samples 
from the rails end-hardened by the 6 mill-hardening processes. As previously explained 
the amount of end-hardened material produced by the 5 track-hardening processes was 
only sufficient to furnish material for the unnotched Charpy tests. The Charpy specimens 


were tested on a 223-ft. lb. capacity Charpy impact machine and the Izod specimens on 
an Olsen—Izod machine of 10-ft. lb. capacity. 


Figure 25 gives a graphical summary of the results of the Charpy impact tests on the 
mill end-hardened and track end-hardened rails and on the Izod tests on the mill end- 
hardened rails. The effect of all of the end-hardening processes was to improve the 
energy strength or toughness of the end-hardened material as compared to the unhard- 
ened rail steel. The increase of toughness with increase of hardness of the end-hardened 
steel was, as in the case of the increased ductility for the end-hardened material in the 
tension tests, an unexpected result. This increase of toughness with hardness can, how- 
ever, be explained by the improvement of microstructure brought about by the heat 
treatment imposed on the steel by the end-hardening processes. 


40. Fatigue Strength 


(a) Tests of Polished Specimens—Fatigue tests of polished specimens cut from the 
heads of certain test rails in the first lot of test rails received were made. These rails 
were free from shatter cracks, as shown by the etch test. The ranges of values for endur- 
ance limits under various ranges of stress are given in Table 12. 


The metal below the surface of the head of a rail is presumably free from surface 
defects and, unless the rail is shatter cracked, from internal notch effects. Fatigue tests 
of polished specimens in which surface effects and notch effects are minimized would 
seem to give significant results for the metal inside the head of such a rail. 

(b) Effect of Shatter Cracks—At the inception of the investigation of transverse 
fissures in railroad rails and the accompanying problem of the effect of shatter cracks 
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in rails, many fatigue tests were carried out on specimens cut from shatter-cracked and 
sound rails. The specimens were so machined as to select material from the outside 
metal of a rail head and from the inside metal of the head where shatter cracks are 
found. By testing specimens from these locations in both sound and shatter-cracked rails 
a measure of the effect of shatter cracks on the fatigue strength of rail steel was 
determined. 

Figure 22 (b) shows the type of fatigue specimen used in the earlier tests. These 
specimens were tested in a rotating-beam type of testing machine which subjected the 
specimens to cycles of completely reversed bending stress. Figure 23, fifth column, gives a 
graphical summary of the effect of shatter cracks on the fatigue strength determined for 
the steel from the heads of shatter-cracked and sound rails. The rails from which the 
specimens were machined included rails of several different sections and weight, hot-bed 
cooled, box cooled, normalized, and from some alloy-steel rails. Examination of these 
summarized results shows that the fatigue strength of the metal from the inside of the 
heads of shatter-cracked rails was less than 60 percent of that of the outside metal of the 
same rails. As the fatigue strength of the metal of the inside of head (cracked area) was 
the only material appreciably weaker than the outside metal of the sound rail, the 
shatter cracks can be assumed to be the cause of the lessening of the fatigue strength 
of the material in the steel from that location. 


41, “Damage Line” for Rail Steel—The damaging effect of occasional high 
stresses on the steel in rails, caused by service loads of abnormal magnitude, was studied 
in connection with the transverse fissure problems. The development of high-speed 
fatigue machines in the Talbot laboratory and the then new “damage line” method pro- 
posed by Mr. H. J. French” of the International Nickel Company for determining the 


11 French, H. J.—Fatigue and Hardening of Steel, Trans. Am. Soc. Steel Treating, Vol, 21, p. 899 
(1933) 
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effect of occasional high stresses in metals furnished a means of studying the effect of 
occasional overloads on rail steel. Considerable work was done on the determination of 
damage lines for rail steel in the shatter cracked and sound condition. 


The damage-line method as used for determining the effect of occasional high stresses 
in rail steel can be best described by following through a typical determination of such 
a diagram. Figure 26 shows a graph of a typical damage-line test for rail steel. First a 
series of fatigue tests is run, an S-N (stress cycle) diagram drawn, and from that dia- 
gram the endurance limit of the original, unstressed metal determined. Then a number of 
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Fig. 26—“Damage Line” Test for Specimens of Rail Steel. 


Rail 1025. Hot-bed cooled. Etch test showed shatter cracks. Tested 
at air temperature, approximately 70 deg. F 


specimens are subjected to definite stresses above this endurance limit and are run for a 
certain number of cycles of stress. In Fig. 26 detailed results are shown for three pairs 
of specimens subjected to cycles of reversed flexure at stresses above the endurance 
limit of the original unstressed material. After undergoing this overstress the specimens 
are then subjected to cycles of stress equal to the endurance limit of the original metal. 
Points on the “probable damage line” are located between the plotted point of that 
specimen of a pair which fails under this stressing at the endurance limit of the original 
metal and the plotted point for the specimen which does not fail. 


It has been proposed by H. W. Russell of the Battelle Memorial Institute’ that, as 
an arbitrary measure of resistance to occasional overstress, there may be used the ratio 
Sp : Sr, in which Sp is the “damage line stress” for 25,000 cycles and Sp is the endurance 


12 Russell, H. W.—Damage and Overstress in the Fatigue of Ferrous Metals, ASTM Proceedings, 
Vol. 36, Part II, p. 118 (1936). 
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Fig. 27.Results of “Damage Line” Tests of Specimens of Rail Steel. 


limit of the original unstressed metal. In Fig. 26 Russell’s ratio would be 
73,000 : 66,000 = 1.11. 

In Fig. 27 values of Russell’s “damage resistance ratio” have been plotted from 
test results for specimens from various rails. Although values for these ratios for low 
temperature tests are shown, the items designated as run at +70 deg. F. are the ones 
under discussion. It will be noted that no outstanding variation of this ratio was found 
in rail steel (1) between specimens from shatter-cracked and from uncracked rails, 
(2) between specimens from hot-bed rails and from control-cooled or normalized rails, 
(3) between specimens of ordinary rail steel and of 3 percent chromium steel. Notched 
specimens showed high values of this ratio, although they developed an endurance limit 
only about 50 percent of that developed by unnotched specimens. 


42. Fatigue Strength of End-Hardened Rail Steel—In connection with the 
program of mechanical testing on end-hardened rails the variation of fatigue strength 
of the rails was “explored” by determining the endurance limits for the steel from speci- 
mens machined from the hardened steel, the unhardened steel, and from specimens ob- 
tained from the transition zone between the hardened and unhardened material. The 
small type of fatigue specimen shown in Fig. 22 (f), tested in a fatigue machine running 
at approximately 8,000 r.p.m., was used. Figure 28 gives the results of the fatigue tests 
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of specimens from the hardened and unhardened material from the rails end hardened b” 
the six mill end-hardening processes. The results of the transition zone specimens are 
not given as no unusual results were found. Figure 28 shows that in all cases the end- 
hardened material gave higher values of fatigue strength than did the unhardened rail 
steel. These results are in line with the findings for tensile strength test results and 
impact test results. 


43. Hardness and its Effect on Tensile Strength, Ductility, Toughness, 
and Fatigue Strength of Rail Steel—tThe application of the various end-hardening 
processes to railroad rails to produce a hardened condition in the rail ends, thereby better 
to resist battering action at rail joints under traffic in track, consists essentially of the 
practical application of the principles of heat treatment to rail steel. Any study then, 
which has for its purpose the determination of the most desirable mechanical properties 
to be attained in the hardened material of end-hardened rails so as to best resist batter, 
resolves itself into a study of the effect of heat treatment on the mechanical properties of 
rail steel. 

Consequently to provide such studies of the effect of hardness on the tensile strength, 
ductility, toughness, and fatigue strength of rail steel a laboratory method of study was 
carried out as follows: Specimens were cut from unhardened test rails, heat treated to 
produce any desired range of hardness, and then tested to give the desired information 
regarding the various properties. Tension specimens, Fig. 22 (c) were prepared and tested 
to study the variation of tensile strength, percentage elongation, and percentage reduc- 
tion of area; also, variation of toughness® (Tension-Energy) by measuring the areas of 


%8 The term toughness is used to denote energy required to fracture a metal. 
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Fig. 29.—Variation of Tensile Strength, Elongation, Reduction 
of Area, Energy for Fracture and Fatigue Strength with Varying 
Rockwell “C” Hardness. Rail 1100, 131-lb. 


the stress-strain diagrams was obtained. Impact bending tests of unnotched bars 
(Fig. 22 (d)) and impact tension tests (Fig. 22 (g)) gave data to determine the variation 
of toughness with hardness changes. Fatigue tests of unnotched bars (Fig. 22(f)) were 
also made and the data gave variation of fatigue strength with hardness. Adequate Rock- 
well “C” hardness readings were obtained on all specimens prior to testing. 

After the various specimens were rough machined from the test rails, allowance hav- 
ing been made for final finish, they were heat treated and then ground to finished dimen- 
sions. The general procedure of heat treatment was to quench all specimens to obtain 
max'mum hardness, followed by suitable draw to obtain the desired hardness. 

Figure 29 presents the results of these tests. Examination of these results will show 
_that in the hardness range, Rockwell “C” 48 to “C” 52, a rather distinct change occurs 
in all of the curves of the various properties shown. The tensile strength and fatigue 
strength curves reach their peak in this hardness range while all the curves of toughness 
(energy strength) and ductility (reduction of area and elongation) drop off abruptly. 
These results would indicate that the usable hardness of rail steel is exceeded when a 
hardness of approximately Rockwell “C” 50 (Brinell 465) is exceeded. It should also be 
_ noted that as the hardness decreases the toughness and ductility increase. 
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The above results would seem to furnish a rather direct guide for end-hardening 
practice in that the hardened material in end-hardened rails is a rather carefully heat- 
treated rail steel. It would therefore be reasonable to assume that the toughness in end- 
hardened material would be subject to the same limitations. In other words it is indi- 
cated that the upper limit of Rockwell “C” hardness to be attained in end-hardening 
practice should not exceed a value of “C” 45 (or Brinell 415). Also, as heat-treated rail 
steel develops good toughness for hardnesses below “C” 45 it is evident that the lower 
limit of end-hardening practice would not be set by toughness considerations. The 
rolling-load tests (and service tests) indicate that hardnesses in end-hardened rails below 
“C” 35 (Brinell 320) are not effective in preventing wear and batter. Briefly then, the 
limits of hardness seem to be set on the high end by toughness considerations and on the 
lower end by batter and wear considerations. The laboratory tests then indicated a satis- 
factory hardness range between “C” 35 and “C” 45, (approximately Brinell 320 to 415). 


44. Effect of Temperature—A considerable study of the effect of temperature 
on the properties of rail steel was made as it is a matter of common railroad experience, 
especially in the northern United States and Canada, that rail failures are more frequent 
in cold weather than in warm weather. Two general types of explanation for this have 
been offered: (1) Changed track conditions due to low temperatures and to freezing and 
thawing, and (2) changes in the physical properties of rail steel at low temperatures. It 
was to provide data to investigate the second of the two reasons given above that the 
various studies of the effect of low temperature on rail steel were carried out. 

The studies which were made fall into three divisions: (1) tests of specimens cut 
from rail steel were tested at low temperatures and at room temperatures to determine 
the change of tensile strength, fatigue strength, ductility and toughness of rail steel, 
(2) tests at low temperatures, using the “damage line” method, to study the weakening 
effect of occasional periods of overload, and (3) tests to determine the effect of hardness 
on the toughness of rail steel with variation of temperature of testing. The first two series 
of tests were made possible through the very generous aid of the U. S. Air Service in 
allowing the use of a cold room at Wright Field, Dayton, Ohio. The third series of tests 
was made in the Talbot laboratory at the University. 


(a) Physical Properties of Rail Steel at Low Temperatures—Fatigue tests, tensile 
tests, Brinell tests and impact tests of numerous specimens from three rails were- run in 
the cold room with minimum temperatures of —40 deg. F. for all tests and of —53 deg. F. 
for impact and tensile tests. Tests were run both on standard specimens and on notched 
specimens. Figure 30 shows a summary of the results of the tests, from which it will be 
noted that the tensile strength of unnotched specimens increased as temperature decreased 
to about zero Fahrenheit, and then decreased with further decrease of temperature for 
steel from two rails and increase in strength for the steel from the third rail. Notched 
tensile specimens showed decrease of strength with decrease of temperature. Fatigue 
strength of unnotched specimens increased with decrease of temperature, while fatigue 
strength of notched specimens changed but little with decrease of temperature. At the 


lower temperatures the rail steel tested seemed more sensitive to notch effect than at 
higher temperatures. 


Also shown in Fig. 30 are the results for ductility and impact or energy strength. 
Elongation, reduction of area, Izod value for notched specimens and (most marked 
effect) Izod value for unnotched specimens, all show marked decrease for lowering of 
temperature. A high impact test value is a point in favor of a steel. 


Of the three rails from which specimens were taken, Rail 1017 was a hot-bed cooled 
rail in which etch tests had shown shatter cracks, Rail 1018 was a companion rail slow- 
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Fig. 30.—Strength and Ductility Properties of Rail 
Steel at Low Temperatures. 


cooled, in which no shatter cracks had been found, and Rail 1063 was a hot-bed cooled 
rail in which etch tests had shown no shatter cracks. No outstanding differences appear 
between the results of strength and ductility tests for these three rails. 


Summed up, the evidence of these results indicates that the general tendency is for 
strength properties to increase as temperature decreases to —40 deg. F. but the brittleness 
of the steel also increases. 


(b) “Damage Line” Tests at Low Temperatures—tThe results of the first series of 
tests to determine the properties of rail steel at low temperatures suggested the desirability 
of running fatigue tests at low temperatures using the “damage line” method to study 
‘the effect of occasional high stresses. Tests were run on specimens from several rails using 
this method at various low temperatures ranging from +70 deg. F. to minimum of 
—40 deg. F. A description of the “damage line” method is given in this report, pages 
60-62, along with that of Russell’s ratio which was used to evaluate the damage 
diagrams obtained during the low temperature testing. 
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Fig. 31—Envelope Diagram Showing the Effect of Tem- 
perature at Time of Testing on the Toughness of Rail Steel 
for Different Hardnesses Produced by Heat Treating. 

Charpy tests on unnotched specimens. 


In Figure 27 values of Russell’s “damage resistance” ratio have been plotted from 
test results for specimens from various rails. It will be noted that no outstanding varia- 
tion of this ratio was found in rail steel: (1) Between specimens from shatter-cracked 
and from uncracked rails, (2) between specimens from hot-bed cooled rails and from 
control-cooled or normalized rails, (3) between specimens of ordinary rail steel and of 
3.0 percent chromium steel, and (4) between specimens tested at temperatures ranging 
from +70 deg. F. to —40 deg. F. Notched specimens showed a high value of this ratio, 
although they developed an endurance limit only about 50 percent of that developed by 
unnotched specimens. 

(c) Tests at Low Temperatures to Determine the Effect of Temperature on the 
Toughness-Hardness Relationship for Rail Steel—In Section 39, pages 65, 66 of this 
report are described tests on unnotched Charpy specimens heat treated to various hard- 
nesses and tested to show the variation of toughness (energy strength) of rail steel with 
variation of Rockwell hardness. To determine the variation of this toughness-hardness 
relationship of rail steel with change of temperature, this same method of considering the 
energy developed in impact-bending tests of unnotched specimens was used as the criterion 
of toughness. The effect of temperature of testing was obtained by determining the 
toughness-hardness relationships for five testing temperatures, namely +70, +20, zero, 
—30, and —70 deg. F. Briefly the testing procedure consisted of bringing the specimens 
to the desired temperature in a bath of acetone cooled with dry ice (solid C02), quickly 
placing them in the Charpy-impact testing machine and testing them before appreciable 
temperature fluctuation was possible. 

Figure 31 shows the effect of temperature on the toughness of heat-treated rail steel 
as determined by the toughness-hardness relationships obtained for five testing tempera- 
tures. The envelope, which gives the variation of toughness, was constructed by super- 
imposing the toughness-hardness relationship curves for the five temperatures and then 
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Fig. 32.—Variation of Toughness of Heat Treated 
and “As Rolled” Rail Steel for a Range of Temperatures 
from +70 to —70 deg. F. 

Charpy tests of unnotched bars. 


enclosing all five curves. These results would indicate that the toughness-hardness rela- 
tionship is not greatly changed over the range of temperature between +70 and —70 
deg. F. Also, for this temperature range the envelope indicates that to have good tough- 
ness heat-treated rail steel should not exceed Rockwell “C” 47 in hardness. 

In the lower left corner of Fig. 31 are shown the impact-bending (toughness) re- 
sults obtained for the five testing temperatures on specimens of the as-rolled rail. 
Figure 32 compares these results with those obtained for the heat-treated specimens of 
similar hardness (Rockwell “‘C” 22). Examination of the curves shows that at all testing 
temperatures the heat-treated steel has much greater toughness than the as-rolled rail 
steel. It should also be noted that as the temperature at the time of testing is progres- 
sively lowered the as-rolled material loses its toughness much faster than does the heat- 
treated steel. These results indicate then, that the heat-treatment of the rail steel tested 
produced two beneficial results, namely, the toughness was much improved over that of 
the as-rolled steel and the effect of temperature was much less for the heat-treated 
material over the range of temperatures considered. 


45. Effect of Cold Working.—Rail failures due to spalling out of metal near rail 
ends are occasionally encountered in service. The cause of such failures has, in many 
cases, been charged to the enbrittlement of the metal at the tread of the rail by cold 
working due to traffic. It is, also, the opinion of many that such failures occur more 
often during cold weather. If such failures were encountered previous to the compara- 
tively recent widespread use of end-hardened rails, will heat-treated hardened steel at the 
rail ends affect the frequency of occurrence of spalling (i.e. especially of the hardened 
steel) after these rails have been in service for some time? It was to provide data to 
answer the foregoing question that the tests to find the effect of cold working on rail steel 
were made. 

The rails from which the test specimens were obtained were from one ingot of one 
heat of steel. The test sections of the rail designated to be end hardened were hardened 
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PLOTTED VALUES BASED ON PER CENT OF IMPACT VALUES OBTAINED FOR UN- 
HARDENED RAIL NOT ROLLED 


ALL PLOTTED PERCENTAGES WERE CALCULATED FROM AVERAGE TEST RESULTS 
OBTAINED FROM FOUR OR MORE SPECIMENS. 


Fig. 33.—Effect of Cold Rolling (in Rolling-Load Machine) and 
of End Hardening on the Toughness of Rail Steel as Shown by 
Charpy Impact Tests of Unnotched Bars. 


with care by four mill end-hardening processes which are briefly described in Fig. 33. 
The test program provided for machining and testing of unnotched Charpy specimens 
adjacent to the tread of the rail samples and so cut as to include the desired test material 
for which the toughness determinations were to be made. The rail samples were treated 
so as to provide specimens to give data on the toughness of rail steel according to the 
outlined programs listed below. 

Testing Temperatures 


Item Source of Test Specimens deg. F. deg.F. 
1 ~~ Rail not cold-rolled—not end-hardened ..................4. +70 0 
2 Rail ‘cold-rolied—=not’ end=hardened” 74.4.2 + ele ete +70 0 
3 End-hardened rail—not cold-rolled ..............0.0.2+e+e0s +70 0 
4  4End-hardened. rail—cold-rolled .........00.:c000ccccvecsscs +70 0 


Each rail specimen was placed in a rolling-load testing machine and subjected to 
2,000,000 cycles of a 40,000-Ib. wheel load. Specimens were provided for testing both at 
+70 deg. F. and 0 deg. F. The testing procedure for the 0 deg. F. tests was as eSaalb 
in Section 44 (c), page 68 of this report. 

Figure 33 gives a graphical summary of the results of the tests. Examination of the 
summary reveals that the toughness of the end-hardened steel was, as expected, greater 
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than in the unhardened steel. The effect of testing at low temperatures was a slight re- 
duction of toughness for the as-rolled steel as compared to the reduction for the hard- 
ened steel, but the effect was small for all of the conditions of testing listed above. The 
rolling reduced the toughness of the as-rolled steel but did not cause this reduction in 
the end-hardened material. Processes 1 and 2 were most effective in improving the 
toughness of the end-hardened material as compared to the as-rolled steel. From the 
above results it is indicated that the end-hardened material has better toughness prop- 
erties to resist rolling or cold working and low temperatures than does the as-rolled 
material; this result was obtained for all of the four mill end-hardening processes. 


VIII Non-Destructive Tests For Shatter Cracks and Fissures 
By J. L. Bisest 


46. Usefulness of Non-Destructive Tests—lIt is known that in the past rails 
have been manufactured from steel which developed shatter cracks or was subject to con- 
ditions which would produce them. It-has been definitely established that most rails 
which fail because of the development of transverse fissures contain shatter cracks and 
it has been shown that the presence of shatter cracks is one of the principal causes 
(probably the principal cause) of transverse fissure failures. A large number of these 
rails are still in service and, while it is true that a majority of these rails will not 
develop fissures, many will fail before they are worn out. It is evident that a non- 
destructive method of detecting these potential failures in new rails would be very desir- 
able, although the use of control-cooled rails may be expected to lessen its importance. 

Detector cars have been developed for the purpose of detecting fissures and other 
defects in rails after they have reached a considerable size but no method of testing has 
yet been devised to detect the presence of shatter cracks or other small defects in new 
rails or in rails in service. 


47. Detector Cars for Fissures.—Detector cars have been operated on the Ameri- 
can railroads since 1928. The type of car which is most commonly used is the Sperry 
detector car which was designed to travel over the rails at a speed of five to seven miles 
per hour and to detect fissures and other potential failures by means of its electrical and 
magnetic equipment. 

In connection with the use of any detector car the following condition and limitation 
may be noted: The sensitivity of the detector car, in its present state and in spite of the 
constant improvements made in its equipment, has not been brought to the point of 
detecting all of the small fissures and other defects which have been started in the rail. 

The only test available at the present time for the detection of shatter cracks is the 
etch test in which horizonal slices are cut from the head of the rail and etched in acid. 
This test, if the slices are cut thin enough, will show up shatter cracks if they exist in the 
rail. Since this is a destructive test and is time consuming, only a few samples can be 
taken from each heat and it becomes a test of representative samples. 

It would therefore be advantageous to have a non-destructive test which could be 
made on every rail rolled. It should be noted at this point that a search for a non- 
destructive test for shatter cracks is purely a research problem, and is expensive and 
slow and that there is a large element of chance in such a search. This chapter describes 
briefly various methods for detecting shatter cracks. None of these methods has proved 
reliable, but an account of those attempts may be of use to future investigators. In view 
of the element of chance and the cost of the equipment involved in making the various 
experiments a good deal of the needed equipment used in making the tests has been 
borrowed from other departments of the University. 
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48. Study of Mechanical Vibration of Rails—One of the earliest studies and 
one of the studies most persistently followed in the search for a non-destructive method 
of detecting shatter cracks in rails has been the study of the mechanical vibrations of 
rails. This study has consistently been the most promising of those tried. It is known 
that vibrations of a body are influenced by the density of the body and it was rea- 
soned that the density of a rail should be affected by the presence of shatter cracks. 

This study has been given impetus by various investigators from time to time, 
notably by the work of Féppl in Germany and by one of his pupils, von Hydekampf, 
employed by the Baldwin-Southwark Company. In some tests made by the latter, speci- 
mens prepared from the metal in the heads of shatter-cracked rails, fissured rails and 
rails free from either were subjected to a torsional stress and then the stress was released. 
From a study of the resulting vibrations it was determined that the damping factor of 
the defective steel was greater than that of the sound steel and that the damping factor 
had some relation to the amount of structural damage in the specimen. This work, as 
explained above, was dependent on prepared specimens, and since this investigation is 
interested in non-destructive methods of testing rails, non-destructive damping tests ot 
full section rail specimens were tried. 

In the earliest experiments on the vibration of rails a device was designed to strike 
the rail on the side of the head, two ear phones and later other electro-mechanical 
devices were fastened to the other side of the rail head so that the distance from the 
striking device to each of the pickup devices was equal. It was thought that the presence 
of shatter cracks in the rail, possibly in the path between the striking device and one of 
the receivers would so affect the travel of the vibrations in that path that a comparison 
of the outputs of the receivers would indicate the difference. 

These experiments led to a series of studies utilizing the longitudinal vibrations ot 
the rail in order to obtain the accumulative effect of the shatter cracks in the rail. In 
these studies various means of inducing the rail to vibrate were used. These methods 
included mechanical impact devices and devices so designed that they would constitute a 
constant source of vibration of a predetermined fixed amplitude and frequency. The fre- 
quency most used was the natural fundamental of the rail specimen, although harmonics 
and other frequencies were studied. These devices included hammers which struck the 
end of the rails to give an impact, magneto-striction devices, and electromagnetic devices, 
the latter two giving constant impetus to the rail. 

Studies of the vibrations included studies of the first wave of sound through she rail, 
the frequency of the natural fundamental frequency and other frequencies, the damping 
characteristics of the rails and the power necessary to vibrate the rails. To make these 
studies, methods of recording the vibrations and wave shapes on permanent records were 
devised. The detection devices included phonograph pickups, Piezo-electric crystals and 
other electro-mechanical transducers.‘ In some cases the output of these devices was 
passed into trick radio circuits which were used for obtaining the values for study, and 
in other cases permanent records were made of the output utilizing magnetic oscillographs. 


49. Mechanical Hysteresis in Cracked and in Uncracked Rails—Under some 
conditions a specimen when subjected to a stress and then to removal of the stress does 
not entirely recover its shape. This indicates that energy has been lost due to inelastic 
action during the loading-release cycle of stress. This loss of energy is known as “me- 
chanical hysteresis’. It was thought that the presence of shatter cracks in a rail might 


cause the rail to show greater mechanical hysteresis under such a cycle than would an 
uncracked rail. 


4 This term has been adopted by the American Radio Relay ene to denote any apparatus for 
transforming mechanical vibrations to electrical impulses, or vice versa. 
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Rails with shatter cracks and rails which etch tests had shown to be free from shatter 
cracks were mounted in a testing machine and flexural load was applied and released. 
Delicate measurements of deflection were made both under increasing load and under 
decreasing load and load-deflection diagrams were drawn. These diagrams showed dif- 
ferences between deflection under increasing load and under decreasing load and the area 
between the diagram for increasing load and that for decreasing load (“hysteresis loop”) 
measured the energy lost during a cycle of loading and unloading. 


No systematic difference in the areas of the hysteresis loop for shatter-cracked rails 
and of the hysteresis loop for uncracked rails could be detected. 


50. Thermal Tests.—Thermal tests for the detection of shatter cracks in a rail 
were based on the theory that when a heavy current was passed through a rail the 
shatter cracks would offer a resistance to the passage of the current and thereby cause 
heat zones in the rail at the location of the shatter crack. Two methods of detecting 
these heat zones were tried, namely, a thermopile and a heat-sensitive paint. These tests 
were not successful, mainly due to the fact that since laboratory etch tests have shown 
that when shatter cracks are found in a rail they are usually found throughout the entire 
length and not necessarily in definite zones in the length of the rail. Moreover, there was 
no sign of a sharp enough change of temperature at a crack to produce any marked 
difference of temperature at the surface of the rail. 


51. Acoustic Tests——The acoustic tests devised for the non-destructive testing of 
rails for the presence of shatter cracks fall in two classes. The first one tried was that in 
which the rail was struck a blow and the presence of shatter cracks was to have been 
detected by a difference in the “ring” of the rail as heard through a listening device 
which was attached to the rail. This crude method led to some of the tests which have 
been tried and which are covered under vibration tests. 


The other acoustic test was designed to be used at the mill and was to have detected 
the noise of formation of the crack while the rail was cooling. For the purpose of making 
this test a bank-vault microphone was used, the output of which was brought through 
an amplifier to a recording device. The rail under test was supported, immediately after 
rolling, in slings so arranged that the support could move with the rail in cooling. These 
supports were insulated acoustically so that extraneous noises which would be trans- 
mitted from them to the rail and hence to the microphone were eliminated. The micro- 
phone was fastened to the end of the rail. Air borne noises were to be compensated for 
on the record by having another rail equipped in the same manner as the rail under test. 
In that way noise which occurred simultaneously in the dummy rail and the rail under 
test would be eliminated from consideration. 

It was found in these tests that all of the noises which were present only in the 
rail under test were due to the cracking-off of scale from the rail while cooling. For this 
reason laboratory tests were made on a rail under controlled conditions. 

It had been found that shatter cracks could be produced in a clear rail by heating 
it to a temperature of about 2,100 deg. F. in a hydrogen atmosphere and keeping it at 
that temperature and in that atmosphere for a period of several hours. The popping of 
scale as the rail cooled could be avoided by letting the rail cool in an atmosphere of 
nitrogen. The microphone test was tried under these laboratory conditions without suc- 
cess, although etch tests on the specimen indicated that shatter cracks had been formed 


by this treatment. 
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52. Drop-of-Potential Tests—The drop-of-potential (electrical) test used was 
the same as that used by the Sperry Company on its detector cars for a final check on 
the rail of the indications on the record tape. A heavy current is sent through a length 
of rail (about 4 ft.) and the drop of potential over a length of about ¥% in. is explored 
by means of two metal strips fastened %4 in. apart and attached to the terminals of a 
millivoltmeter. Above a fissure the drop of potential increases, since the area of the cross- 
section is somewhat reduced by the fissure, and the resistance is increased. This method 
had been tried previously at one of the steel mills to detect shatter cracks in new rails, 
but without success. It was thought, however, that if a rail were tested by this method 
while the head of the rail was in tension the shatter cracks might open up enough to give 
some indication on the millivoltmeter. The rail was stressed to 40,000 lb. per sq. in. 
tension at the shatter-crack zone and the drop-of-potential tried but the test gave no 
indication on a rail for which the etch test had shown shatter cracks. 


53. X-Ray Tests—Early in the investigation a rail was taken out of service on 
the tracks of the Illinois Central Railroad, which contained a horizontal split head that 
had turned down slightly to a transverse direction. This rail was sent to an X-ray labora- 
tory for a trial of this method for the location of fissures in rail. This experience indi- 
cated that this method was very slow and the line of the fissure on the X-ray film was 
so indistinct that it would not have been found had the location not been marked previ- 
ously. Since shatter cracks are so narrow and since they cannot be located previously, the 
X-ray method was not tried for the non-destructive testing for shatter cracks. 


54. Bridge Methods.—All bridge methods are essentially null methods of compar- 
ing two conductors. The bridge is first balanced with a standard conductor in one arm 
and then the standard is removed and the specimen to be tested is put in the arm of the 
bridge. If the bridge remains balanced the specimen is the same as the standard. The 
bridge may be operated both with direct and alternating current, the only difference be- 
ing that when direct current is used the resistance of the current is the only factor 
involved whereas the inductance must be considered when alternating current is used. 


Various bridge methods were used to test the new rails for the presence of shatter 
cracks. In these tests a rail free from shatter cracks was used as the standard and the 
shattered rail for the specimen. The results were not successful. 


55. Magnetic Tests—The first magnetic test was inspired by the paper of 
M. Suzuki of the Japanese Railways research office entitled, “Magnetic Rail Defecto- 
scope”. His method consisted in using a U-shaped magnet to magnetize a portion of the 
rail. A pick-up coil covering three sides of the rail head was mounted between the legs 
of the magnet and it was thought that as the magnet was moved along the rail any 
defect would cause a change in the flux linkages and consequently would be indicated by 
the output of the pick-up coils. Due to the difficulty in moving this large magnet along 


the rail at sufficiently high speed to take advantage of the flux changes it was deemed 
impractical for laboratory use. 


To overcome this difficulty several forms of rotating armatures were used to replace 
the pick-up coils. In some cases one rotating armature was placed in the leakage field 


near the rail and was balanced by the second armature rotating in a separate constant 
field. 


In the other case the two armatures were located across the top of the rail head in 
the leakage field. Both methods are differential methods in that, while the device was 
made to travel along the length of the rail and approached the fissure or other defect, the 
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first armature would be affected by the change in the field due to the defect while the 
other armature would still be under the influence of the unaffected field over the good 
part of the rail. In both of these cases when one of the armatures was passing over the 
defect an e.m.f. would be generated to give the indication of the defect. Also the gen- 
erated e.m.f. would not be dependent on the speed of the magnet along the rail. 


It was found that these magnetic methods were affected by the presence of inter- 
poles at various places along the rail. It was also found that the generated voltages were 
so small that they were obscured by electrical disturbances due to the chattering of the 
brushes on the collector rings. 


56. Reason for Non-Success of Non-Destructive Tests for Shatter 
Cracks.—Most of the methods which have been briefly described have shown promise 
of differentiating between rails which contain shatter cracks and those which do not, 
but to date none has shown any positive sign of being an absolute criterion of the differ- 
ence. In some cases it has been possible to differentiate between the two conditions on 
some batches of rails but when the group of rails has been enlarged or when it has in- 
cluded two sizes of rails the test has failed. Several reasons could be advanced for the 
non-success of the tests tried, the principal one being that shatter cracks are exceedingly 
small and that the faces of the fracture, unlike those of transverse fissures or other detail 
fractures are interlocking. There is therefore a nearer approach to mechanical, electrical 
and magnetic continuity than there would be for the other defects. Due to this fact 
slight variations in the condition of the surface of the rail under test or of its magnetic 
properties, or the relative position of the rail and test apparatus or variation in the test 
apparatus would overcome much of the effect of the presence of shatter cracks. 


Most of the tests proposed involve detecting changes in energy loss caused by shatter 
cracks by measuring in some way the energy applied to or absorbed by the rail. The 
total amount of energy lost around minute shatter cracks is so small that variations in 
this energy are masked: by variations of energy distribution in the vastly larger mass 
of sound steel in the rail. 

This does not mean that the search for a non-destructive test for the presence of 
shatter cracks is hopeless but it does mean that it would be necessary to make further 
investigations of the methods already used to eliminate the variables which now influence 
them. For the present, at least, this phase of the investigation has been discontinued. 


IX Acceptance Tests For Rails—Drop Tests and Bend Tests 
By N. J. ALLEMAN 


57. Former Studies of Bend Tests for Rails—In 1900, when all rails were 
produced by the acid Bessemer process, making relatively high phosphorus steel, the 
drop test was introduced by the Pennsylvania Railroad as an impact test to eliminate 
excessively brittle rails. 


After open hearth rails had been in use for several years it was thought by many 
engineers that the drop test did not give sufficient information regarding the reliability 
of a rail for service, and that some form of bend test would give a better measure of the 
strength, elastic properties and ductility.” 


16 References to bend tests are found in Volumes 12, 14 and 16 of the AREA Proceedings, on work 
done by M. H. Wickhorst, then engineer of tests of the Rail committee. Volumes 18 and 20 contain the 
results of quick bend tests reported by W. C. Cushing, chairman of the Subcommittee on Quick Bend 
Tests. 
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The results presented in a report by W. C. Cushing cannot be applied as a basis for 
comparing drop and bend tests. Individual results were not plotted and no comparative 
data on drop tests could be found. Much emphasis was placed on “elastic limit” although 
the methods for measuring it were not very satisfactory, when judged by present-day 
practice. 


58. Bend Tests and Drop Tests by the Pennsylvania Railroad.—Through 
the courtesy of Vice-President C. D. Young of the Pennsylvania Railroad, a large amount 
of unpublished data on file at Altoona on bend testing and drop testing obtained over 
20 years ago was made available to the test party. After a careful study of the data it 
became evident that these tests would not afford the means for getting a correlation be- 
tween results of bend and drop tests, since the drop tests were made with the base in 
tension and the bend tests with the head in tension and since relatively few rails had 
failed in the drop test. 

For rails from Mill A it was noted that no rail failed on the first blow in the drop 
test when the corresponding bend-test specimen required more than 110,000 ft. lb. of 
energy for fracture. Very few broke on the first blow in the drop test when the energy 
for fracture of companion rails was greater than 30,000 ft. Ib., although six failures in 
the drop test were recorded on rails which developed between 80,000 and 100,000 ft. Ib. 
energy for fracture in the bend test. Results from the other mills showed so few breaks 
on the first blow that they did not furnish any basis for correlation. 


59. Bend Test Rig and Test Results—Experiments were started in 1933 to try 
the bend test as a detector of shatter cracks in rails. For this purpose a bend test rig was 
constructed and used in a 600,000-lb. Riehle testing machine in the Talbot laboratory. 
This test rig is described in AREA Proceedings, Vol. 37 (1936), page 999. Test results 
obtained with it are given in Vol. 36 (1935), page 1078 and Vol. 40 (1939), page 664. 
These include results of tests of 166 rails varying in weight from 90 lb. to 131 lb. per 
yard. Forty-two rails contained shatter cracks, 124 being free of cracks; 115 of the rails 
were hot-bed cooled, the remaining 51 being controlled cooled. All of these rails had 
passed the AREA drop test requirements in the tests made at the mills. 

Based on the results of head-down bend tests made with two-point loading and a 
span of 5 ft. 4 in., the following tentative minimum values of energy for fracture were 
suggested as a criterion for the acceptance of rails. (Values of elongation and deflection 
are given for information). 


Energy for Total Elongation Deflec- 
Rail Weight, Fracture, Elongation, Across Break, tion, 
lb. per yd. ft. 1b. percent percent in. 
L3O-—13 deccec. seins see ates eee 100,000 35 Us 5 
Bh re Peers Oy co N cro obec 75,000 35 “3 5 
LOO ioe ccra pcre esi Mota SO CAE ECE EE 50,000 35 Ue 5 


On the basis of the above minimum requirements for energy for fracture, 4 rails not 
shatter cracked would fail to pass the bend test, 28 shatter-cracked rails would be 
rejected and 14 rails containing only longitudinal shatter cracks would be accepted. 
Included in the rails tested were three rails from two different heats containing 
approximately 3 percent chromium and 0.30 percent carbon. These rails showed high 
elastic strength, but were very low in energy for fracture and deflection in the bend test. 
The drop test specimens passed the AREA requirements. Apparently the high elastic 
strength was responsible for the good values in the drop test. This high elastic strength 
is shown by the permanent deflection (set) after the first blow, the value being 0.70 in., 
whereas the set after the first blow on tests of fifty-eight 131-Ib. carbon steel rails ranged 
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from 0.94 in. to 1.16 in. It has been previously pointed out that the permanent set after 
the first blow is an inverse indication of the elastic strength of a rail. 

However, a fact not so well recognized is that a rail of high elastic strength, but 
which is very brittle, may stand up well in the drop test (i.e. require several blows for 
fracture) because up to the limit of the elastic strength very little energy is absorbed by 
the specimen, most of the energy being absorbed by the springs under the anvil of the 
drop-testing machine. 

The drop test is supposed to sort out “brittle” rails, distinguishing them from tougher 
ones. Apparently a distinction must be made between a tough steel and a high elastic. 
strength steel. 

From the results of these tests it was concluded that the bend test is a relatively 
reliable destructive test for separating shatter-cracked rails from sound rails, and that 
it would have many advantages over the drop test as an acceptance test for rails. 


60. Advantages and Disadvantages of the Drop Test and the Bend Test — 
Some of the advantages and disadvantages of drop tests and bend tests may be briefly 
summarized as follows: 


1. The drop test is a “pass or fail” test giving very little indication of the 
relative merit of different rails which pass the test. 

2. Deflection after the first blow in the drop test gives some measure of the 
elastic strength. The relative effect of subsequent blows is a matter of uncertainty 
due to the distortion of the specimen and to the fact that the springs supporting 
the anvil absorb an amount of energy depending on the remaining elastic strength 
of the test rail. 

3. The bend test gives a measurement of energy for fracture not widely dif- 
ferent from that which would be given by a single-blow impact test to fracture, 
with equipment to record the energy remaining in the hammer (or tup) after 
fracture of the specimen. 

4. The bend test gives a measure of strength not determinable from drop-test 
data. 

5. The bend test fractures a rail under known values of load and deflectior 
(the energy for fracture is measured by the area under the load-deflection diagram). 
The specimen absorbs nearly all of the energy except that lost in elastic deformation 
of the testing machine. 

6. Deflection values in bend tests of rail are on the order of six inches, using 
a four-foot span, making delicate deflection measuring devices unnecessary. 

7. Load values are of the order of 450,000 lb. for 131-Ib. rail, so that machine 
capacity should be about 600,000 Ib. 


61. Standards for the Bend Test.—In the spring of 1938 the advisory committee 
asked the test party to formulate standards for bend tests for the acceptance of rails and 
to submit them to the advisory committee with a view to their consideration by the 
AREA Committee on Rail and by the Rail Manufacturers’ Technical Committee. 

In November, 1938, an informal conference was held between the test party of the 
Rails Investigation and a subcommittee of the AREA. During this conference the limita- 
‘tions of the present standard drop test and certain advantages of the bend test were 
brought out. It was recognized that the preparation of definite specifications for accept- 
ance or rejection of rails by the use of the bend test should be preceded by a rather 
elaborate series of bend tests and companion drop tests, conducted preferably at one of 
the steel mills in connection with regular rail rollings. 
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Before it would be possible to make bend tests at the mill for the purpose of estab- 
lishing the minimum requirements for energy for fracture which would correspond ap- 
proximately to the drop-test requirement that a rail should withstand one blow without 
fracture, certain additional laboratory bend tests of rails were needed in order to decide 
questions relative to the proper bend-test procedure. For this purpose additional bend 
tests were made on a few 90, 100, 110 and 131-Ib. rails with lengths of span of 5 ft. 4 in. 
(the length used in all previous bend tests by the Rails Investigation), and also for 
spans of 4 ft. 8 in. and 4 ft. (The 4-ft. span is used in the drop test for rails over 
100 lb. in weight). Two-point loading was used, 6 in. to either side of the center of the 
span. The results of these tests covering weight of rail and length of span have been 
published in the AREA Proceedings, Vol. 40 (1939), pages 664-671. 


The load for fracture was found to vary inversely with length of span with a fair 
degree of consistency. Energy for fracture was found to vary with span, although vary- 
ing the span does not greatly alter energy values. Deflection values increase with in- 
creasing span length, although above a span of 4 ft. 8 in. values become erratic espe- 
cially on base-down (base-tension) results. This irregularity of action on the longer 
spans is probably due to a tendency of the head to buckle as a column when it is in 
compression. The only restraint to sidewise buckling is the friction of the loading block 
on the specimen. For tests with the head in tension the base is in compression and is 
wide enough to resist buckling. Buckling is more pronounced with the 90 and 100-lb. 
rail. In order to eliminate erratic results it seems desirable to use a 4-ft. span for the 
110, 112 and 131-lb. rails and a 3-ft. span for the 90 and 100-lb. rails. 


The following list will give some idea of the magnitude of values to be expected 
for sound rails tested on a 4-ft. span using two-point loading spaced 6 in. to either 
side of mid-length. 


Energy for Load for Deflection 


Rail Weight, Fracture, Fracture, at Fracture, 
lb. per yd. ft. lb. lb. in. 
5°10 mera ee ee enn art can es Hee mek A Ala RG Ae 116,000 250,000 6.60 
10 OCR acd eo UO OIG OKC die Senko OC 135,000 305,000 6.50 
1 CO) ar OOOO Dr Oe Cots Ch SGU StS 3 Oe ao big h 154,000 340,000 6.60 
NS I... \Sarelentusdo noses ee REL ee 200,000 450,000 6.40 


62. Proposed Bend-Test and Drop-Test Study.—Very few heats of steel are 
rejected at the mills on account of failure to pass the drop-test requirements. It is evi- 
dent that bend tests of specimens from heats meeting the drop-test requirements will be 
of little value in establishing the minimum requirements for bend-test specifications. 
- Because of the few drop-test failures considerable time will be required to obtain a 
sufficient number of samples for bend tests of rails from heats failing in the drop tests. 


Arrangements have been made with the Bethlehem Steel Company to use a 350-ton 
hydraulic press in the fabricating department at Steelton, Pa., for making bend tests. 
A bend-test rig using central loading on a 4-ft. span has been built and shipped to 
Steelton, and a 400,000-lb. calibration bar has been built and calibrated. Shields for 
protection from flying pieces are to be constructed at the mill. Specimens for bend tests 
are being set aside at the mill. As soon as a sufficient number have accumulated, mem- 
bers of the test party will go to the mill and make the tests. It is expected that some 
preliminary bend tests on drop-test failed rails will be made in the near future. Tests will 
be made with the head down (head in tension), using a single-point loading. - 
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X Future Study of Fissures in Rails 


63. Specifications for Bend Tests for Rails—Plans have been made and 
apparatus built for conducting a rather extensive series of tests of bend tests on rails 
at the Steelton Plant of the Bethlehem Steel Company. It is proposed that this work 
may be begun during 1941, and it is hoped that it will furnish the basis for drawing up 
- specifications for bend tests as an alternate to or a substitute test for the present drop 
test. 


64. Specifications for Control Cooling of Rails—With the data now in hand 
it is planned during this year to draw up, submit and discuss detailed specifications for 
the times and temperatures in the control-cooled process for railroad rails, and for 
certain details of practice during that process. 
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